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ABSTRACT
The foundational condition of the historical coastal fortification of Fort Sumter in
Charleston, SC was analyzed though the use of numerical modeling. In this study, twodimensional Finite Element (FE) analyses were conducted to assess the stability of the
foundation-casemates-wall system in a coupled manner subjected to potential loadings
such as ocean waves, storm surge and earthquake.

The finite element model was

verified by modeling the historical events (construction between 1820 and 1860,
demolition due to artillery bombardment, reconstruction, earthquake, building of the
Battery Huger, and the removal of fill from the parade ground) since the construction of
the fort in 1820 and comparing the results with available settlement data. The calibrated
model was then used to investigate the performance of the Fort (foundation-casematewall system) subjected to waves, storm surge and earthquake loadings.

The stress

distribution, displacements, and performance at various locations in the foundation were
studied and reported. The FE simulation results show that the soil beneath the fort’s
foundation is no longer experiencing settlement but is rebounding towards its original
position after much of the initial loading has been removed. It was determined that the
presence of an earthquake event had limited impact on the Salient Angle but created a
larger amounts of displacement at the Left Face. Due to the large width and mass of the
foundation elements of the fort, the FE analysis concluded that the foundation is
unaffected by the ocean waves repeatedly colliding with the base of the scarp wall.
Simulation results show that large stresses were formed in the casemate structure of the
Right Flank during the storm surge loading but were not sufficient to cause failures.
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Through consultation of previous investigation and the use of Finite Element Analysis,
the foundation of Fort Sumter was determined to be in stable condition and to remain so
following the occurrence of multiple loading scenarios.
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1. INTRODUCTION

To assess the foundational condition of Fort Sumter, a numerical model that
represents the present condition of the foundation and the adjacent structure reasonably
well can provide a cost effective and helpful tool in place of invasive evaluations. Such a
numerical model can be useful for predicting the behavior of both the foundational
elements and their effect on the structure under various load scenarios, identifying causes
of damage or distress from past and future loadings. Thus, the results from the numerical
analyses can support decision-makers regarding the maintenance and management of a
foundation. While the benefits of numerical modeling are evident, developing an accurate
numerical model for a complex structure such as Fort Sumter is a challenging
undertaking that requires the understanding of concepts and behaviors in multiple
disciplines.
Fort Sumter is a masonry military installation; whose construction began in 1829 at
the mouth of Charleston Harbor, South Carolina as part of the Third System following
the War of 1812 (HABS, 1991). The fort was built on a shallow underwater shoal
transformed into a manmade island through the dumping of large amounts of stones onto
the shoal. At completion in 1860, the pentagonal shaped fort had walls five feet wide and
fifty five feet tall enclosing a parade ground of approximately an acre. Every wall of the
fort except the gorge wall was composed of a series of structures called casemates, which
originally held two tiers of arched gunrooms and a top terreplein level with gun
emplacements (HABS, 1991). The fort is best known for being the location of the first
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shots of the American Civil War in 1860. After being partially demolished during the
war, the fort experienced several repairs and modifications. It was primarily unoccupied
until being taken over by the National Parks Services in 1947 and is currently a popular
tourist attraction.
In 1990 the National Parks Services commissioned LAW engineering firm to
perform an evaluation of the structural condition of the fort’s casemates along with a
geotechnical investigation into the fort’s foundation. LAW engineering performed a 2year long investigation of cracks that were present in the remaining casemates. Physical
observations were made along with historical evaluation of the site. The investigation
discovered several areas of major distresses throughout the fort (Laroria and Knot, 1992).
In the Salient Angle and Left Gorge Angle there was severe cracking in the casemate roof
arches which represents significant differential settlement between scarp wall and
adjacent casemate pier. The Left Face was sustaining tilting of the pier adjacent to the
exterior wall into the fort. The final area of distress noticed was the outward tilting of the
Right Gorge Angle which has resulted in the subsidence of the interior fill. (Laroria and
Knot, 1992). The report discusses the proposition that the application of the Battery
Huger is the cause of much of the differential settlement, but only due to primary
settlement, and it is no longer negatively affecting the fort. The LAW Engineering firm
also discusses the presence of scour at the Salient Angle and how this is leading to the
outward tilting of the scarp wall. Examples of some of the distresses discussed by the
LAW Engineering firm are shown in Figure 1.1.
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Figure 1.1: Observed tension cracks: a) in the arch of the Salient Angle casemates,
and b) Wall of Right Gorge Angle

Purpose of the Current Investigation
The current distresses of the structural components of the fort might be the sign of
current depreciation in the fort’s foundation. The purpose of this study is to evaluate the
foundation performance subjected to past and future loadings. Due to the difficulty in
being able to physically examine the foundation without significant expense, Finite
Element (FE) analyses were conducted to estimate the condition of the foundation,
together with the below supporting soil and the structural components above it, by
recreating the historical events numerically. After developing and calibrating the FE
model of foundation-casemate-wall system, the longevity of the fort when subjected to:
(1) horizontal dynamic loads due to, (2) horizontal loads due to storm surge, and (3)
earthquake horizontal loads due to wave impact were investigated in a coupled manner.
The stability of the fort with respect to these events was evaluated, and based on the
results, conclusions are made for aiding future maintenance to preserve the historical
structure.
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Thesis Outline
This thesis begins with an introduction of the history of Fort Sumter and the purpose
of this investigation in Chapter 1. Chapter 2 contains a detailed historical account of
significant historical events that occurred at Fort Sumter up to the current condition of the
fort. Determination of the current geometry of the structural components and the profile
of the underlying soil layers of the fort is discussed in Chapter 3. Chapter 4 discusses the
determination of material properties and the calculation of initial material model
parameters to be used in FE modeling. The development of the FE model of the current
condition of multiple cross-sections of Fort Sumter comprises Chapter 5. The model is
developed through the simulation of historical loadings experienced by the fort and their
effects on the foundation condition. The effect of parameter variability and the
susceptibility of the current foundation to continued settlement are also discussed. The
impact of a modern day earthquake on the fort’s foundation was evaluated and presented
in Chapter 6. Chapter 7 evaluates the stability of the fort’s current foundation is
contingent upon the loading experienced by the impact of ocean waves at the base of the
exterior wall. Chapter 8 analyses the possible effects of a storm surge loading on the
outer surface of the wall. The conclusions for each analysis along with suggestions for
further investigation are discussed in Chapter 9.
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2. FORT SUMTER HISTORY AND CURRENT CONDITION

Introduction
Fort Sumter has experienced much deterioration since the end of construction in
1860. The structural loads which include the self-weights of the casemates, walls and
foundation, are ultimately transferred to the underlying soil through the foundation. The
properties of the supporting soil influence the performance of structures supported on it.
It should be noted that soil is a history dependent material; hence, to understand the
behavior of the soil under the foundation of the fort and its effect on the behavior of
structures (casemates), the entire history of the fort must be examined. These events are
essential to further accessing the current condition of the fort. Multiple investigations
were performed on the current condition of the fort in order to establish the geometry of
the structural components and the soil profile needed to create 2D cross-sections through
the fort.
Summary of Significant Historical Events
The fort was built on a shallow underwater shoal. The foundation of the fort
consisted of 10,000 tons of granite and 60,000 tons of other assorted rocks that were
dumped from barges around the perimeter to form a granite “mole” as shown in Figure
2.1 (HABS, 1991). On top of the granite mole, 6 feet (1.83 m) of fitted stone were used
for additional foundation of the structure in 1841 after the construction of the fort was
delayed due to litigation. The island began to take shape in 1845 when the parade ground
was created by filling in the granite mole with sand and sea shells (HABS, 1991). In
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anticipation of settlement, the fort was allowed to sit for a year, and a maximum
settlement of 2.5 inches (0.064 m) was recorded (4SE, 2009).

Figure 2.1: Layout of granite mole foundation during initial construction (HABS
1991)
By 1860, the pentagonal-shaped fort had brick walls five feet wide, fifty five feet tall
that encloses a parade ground of approximately an acre (HABS, 1991). Every wall of the
fort, except the gorge wall, was composed of a series of structures called casemates,
which once held two tiers of arched gunrooms and a top terreplein level with gun
emplacements. The perimeter of the fort is encased by a scarp wall with gun embrasures
on four sides to allow cannons to fire. Typical of third system coastal fortifications, the
barrel vaulted casemates are built adjacent to, but detached from, the scarp wall to
provide lateral support. The separation of the scarp wall and the casemates establishes
them as independent structural entities and keeps any external damage from artillery fire
isolated to the scarp wall.
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In 1861, at the start of the American Civil War, the fort was bombarded on all sides
by Confederate artillery. In 1863, Union ironclads and gun batteries began an artillery
bombardment that continued until 1864 (National Park Service, 1984). By the end of the
war, the fort was significantly demolished as shown in Figure 2.2. The fifty five feet wall
had been reduced to no more than twenty feet, and only one level of casemate structures
remained intact (National Park Service, 1984). These casemates were buried in rubble
from the remains of the fort, along with sand that was brought in by the Confederates to
reinforce the wall.

Figure 2.2: Fort Sumter after bombardment of Civil War (Lanier, 1911)
In the 1870s, reconstruction and repairs were performed under the direction of
General Quincy Gilmore. Some of the scarp wall and casemates were repaired. Much of
the rubble was retained within the fort to provide mass to withstand future bombardment.
The new fort design included the use of six barbette gun platforms on the corners of the
fort facing the harbor (National Park Service, 1984). The fort was unoccupied when
Charleston was struck by a magnitude 7.3 earthquake in 1886 (Stockton, 1986). The
earthquake was one of the most devastating in the history of the Eastern United States. It
damaged or destroyed many buildings in the old city of Charleston. Hardly a structure
there was undamaged, and only a few escaped serious damage (Bakun and Hopper,
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2004). The quake caused one hundred and twenty four deaths and more than $460 million
(2006 dollars) in damage (Côté, 2006). Fort Sumter was in a state of disrepair and
unoccupied at the time, so no specific damage from the earthquake was recorded.
In anticipation of the looming Spanish American War, the American coastal defenses
were called into question. A large concrete structure with two barberette guns, known as
the Battery Huger was built in the center of the parade ground at the fort in 1899. The
battery included over 40,000 tons of concrete made with a combination of Rosendale and
Portland cement and was floated on the Parade Ground through the use of steel grillage
(US Army Corps of Engineers, 1991). To reinforce the battery, the parade ground was
filled with sand up to the height of the battery structure on all sides. (Hunter, 1991). The
fort saw considerable development during the remaining years of Army control,
especially during World War II. The Park Service received the property in 1948, and in
an effort to uncover history, much of the 500,000 cubic yards of fill were excavated from
the parade ground and a portion of the original construction was revealed (Hunter, 1991).
Little work has been performed on the fort since then, but the fort has become a tourist
destination as the location of the “first shots of the Civil War” with almost 300,000
visitors annually (The National Park Service, 2013).
Current Condition of Fort Sumter
With much of the original fort destroyed or buried, there is a large effort to preserve
the remaining structures present at the Fort Sumter. A detailed layout of the present
condition of the fort is shown in Figure 2.3. One story of the original scarp wall still
surrounds all sides of the fort. The original casemate structures only remain along the
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Left Flank, Salient Angle, and Right Face. (HABS, 1959). The Left Face casemates are
no longer intact having previously been removed, leaving only the remnants of the
supporting pier structures. The Right Flank casemate structures remain buried under sand
fill that occupies the space between the large concrete Battery Huger, located in the
center of the fort and Right Flank wall. Large granite armor stones, used to protect the
outer wall from the effects ocean waves and waves generated from shipping traffic
though the harbor, are present along the Salient Angle, Right Face, Right Flank, and Left
Flank walls (Armor Stone and Outer Wall Structural Study, 1999). Currently none exist
along the Left Face wall. Sand fill that was removed during the excavation of the fort
was used to generate a flat landmass known as the esplanade, along the Gorge Wall.
Upon entering the fort through the Sally Port in the Left Flank, one sees the Battery
Huger which consist over 40,000 tons of concrete, towers over the parade ground(US
Army Corps of Engineers, 1991). The battery currently contains a historical museum and
storage areas for maintenance. The immediate construction of this structure is considered
to be cause of many of the structural distresses present at the fort (Laroria and Knot,
1992).
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Battery Huger

Gorge Wall

Salient Angle

Right Flank

Left Flank

Figure 2.3: Current condition of Fort Sumter with important structures(The
National Parks Service, 2013)
Summary of Current Structural Investigation
The Clemson research team performed analysis on the condition of the structural
elements to analyze the prevalent bowing in the scarp wall, along with cracking present
in the casemate structures. To assess the structural conditions of the casemates, a
combined experimental and numerical procedure was adopted. 3D non-linear finite
element (FE) models were developed in ANSYS by employing non-destructively and
semi-destructively obtained on-site data regarding the material properties, geometry and
vibration characteristics of the fort. Using geometry determined through digital scans and
material properties obtained from experimental testing, a complex 3D structural model
was created. This model did not incorporate the foundation components of the structure
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due to the limited ability of the software to represent soil elements. Each calibrated model
was analyzed for the following load cases:

vertical loads due to the self-weight,

horizontal loads due to wind, and differential support settlement of the ground. The stress
distribution and displacements within the casemate were studied and reported. The effects
of possible foundation settlement scenarios, which might potentially occur in the future,
were investigated for stress levels and crack patterns. The causes of the existing cracks in
the vault were also investigated using the FE model.
Settlement of supports was identified as a critical loading scenario. Critical
settlement scenarios and magnitudes were identified for each of the modeled casemates.
Crack patterns and stress distributions due to settlement were observed as unique to the
settlement configuration. It was determined that sagging type of settlements and
differential settlement of piers were found more damaging than tilting type of
settlements. Cracking in the vaults was considered a critical structural stability issue as
the cracks progressed rather rapidly upon formation. The crack patterns reported can be
useful in identifying the structural symptoms of support settlements and in the diagnosing
the causes of any potential future damage (Prabhu et al, 2014).
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3. TWO-DIMENSIONAL CROSS-SECTIONS OF THE FORT SUMTER FOR
NUMERICAL SIMMULATION

Introduction
The complexity of the structural components and the presence of many variables
created difficultly in generating a representative model of Fort Sumter. For a complete
analysis, accurate dimensions of structural and foundational components were determined
as well as depths of underlying soil layers. Due to the limited funding of the study, 2D
Finite Element model was used to represent the condition of the fort and its underlying
soils. The geometry of the 2D models was determined from onsite investigation along
with consultation of historical data.
Choosing of Cross-Sections for Analysis
From previous investigation by the Clemson research team, multiple casemate
structures were discovered to be critical due to their depreciating condition and spatial
locations throughout Fort Sumter. Three cross-sections were chosen for analysis and are
displayed in Figure 3.1. The first cross-section analyzed denoted as O-A runs through
casemate of the Salient Angle. The arch of the casemate was shown to have significant
lateral cracking that further investigations considered as a result of the construction of
Battery Huger (4SE, 2009). The second cross-section under investigation shown as O-B
runs through the remnants of piers of a Left Face casemate. This section was chosen to
represent the Left Face due to the lack of armor stone protecting the outer wall and the
lack of a casemate structure. The Left Face section chosen was also determined to be a
critical casemate based on its proximity to Battery Huger.
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The final cross-section

examined to represent the Right Face and is shown as O-C. This casemate structure was
also determined critical due to the presence of lateral cracking across the center arch of
the casemate structure and tilting of the outer wall seaward.

A
C

B

O

Scale of feet
Figure 3.1: Layout of fort and chosen cross-sections for analysis (HABS Catalog
Supplement, 1959)
To increase the efficiency of simulations performed, certain cross-sections were
chosen based on the vulnerability of the cross-section to a particular loading
investigation. A summary of these cross-sections and reasoning for each investigation is
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shown in Table 3.1. The Salient Angle was chosen for historical loading and calibration
due to the availability of resources and historical information to validate results. The
historical loading simulation was performed for every cross-section and was necessary to
determine the current condition of the fort to use for further investigation. The Left Face
was chosen to be the critical cross-section for the analysis of the wave impact due to the
lack of the armor stone present on the exterior of Left Face wall. The casemate structure
for the other cross-sections was considered enough support to withhold the wave loading.
The Right Face was chosen to investigate the storm surge loading due to the orientation
of the storm surge as it would approach Fort Sumter.
Table 3.1 Summary of cross-sections used for loading investigation
Load investigated

Cross-section
modeled

Justification

Calibration and
parametric study of
soil properties

Salient Angle

Contained most historical documentation
of historical settlements for calibration

Historical events

Salient Angle, Left
Face, Right Face

Loading experienced by all sections and
needed for further investigation

Earthquake

Salient Angle, Left
Face

Loading experienced by all sections, Right
Face neglected due to similar results

Ocean wave

Left Face

Largest horizontal pressure due to lack of
armor stone, lack of casemate support

Storm Charge

Right Face

Storm surge directly impacts section

Creation of Cross-Sectional Geometries
The model consisted of exterior structural elements such as the casemates, scarp
wall, and portions of the Battery Huger and underlying soil. In order to incorporate the
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entire system, the foundational components along with underlying soils to a depth of 70
feet were modeled along with the ocean shore approaching the structure. The casemate
structure for each cross-section was determined based on 3D scans that were performed
by the Clemson research team. The geometry and location of the Battery Huger were
determined from structural plans of the fort provided by the Parks Services. The
surrounding seabed surface of the fort was determined through hydrographical surveys
performed by the Clemson research team. These surveys were also used in the calculation
of wave loadings on the outer wall of the fort and to obtain information about the
settlement of the fort due to the 1886 earthquake induced liquefaction. The classification
of the soil present underneath the surface of the fort was determined from boring logs
collected by the U.S. Army Corps of Engineers following an investigation into the effect
of the Battery Huger on the foundation of Fort Sumter. In their subsurface investigation, a
truck mounted drill was used to gather three soil borings to depths of seventy feet along
the length of the Battery Huger (U.S. Army Corps of Engineers, 1992). From these
borings, gradation curves were created to categorize soil through the entirety of the
boring log. From this data, seven distinct soil layers were established throughout the
depth of the soil. These layers, along with the other data, were used to create the three
cross-sections at critical angles of the fort displayed in Figure 3.2. The soil layers and
foundation components on each cross-section were assumed to be uniform. The major
differences between the cross-sections were the location of the Battery Huger and the
slope of the sea bed. It is noted that the Left Face cross-section contains a partially
destroyed casemate.
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(a) Salient Angle: Section O-A in Figure 3.1

(b) Left Face: Section O-B in Figure 3.1

(c) Right Face: Section O-C in Figure 3.1
Figure 3.2 Cross-sections examined in this study
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The 2D representation of the structural components is limited by its ability to model
the connections between the casemate and scarp wall structures. The components are two
separate structural entities with a gap present between them. This gap was designed to
isolate the effects of vibrations from artillery fire on the outer wall. This cross-section
doesn’t properly represent this gap and could lead to alternate results. The arch of the
casemate is shown as a single arch structure and may not fully represent the complete
interaction of the double vaulted casemate structure. Further investigation can be
performed to integrate the results of this study with the complex 3D representation of the
casemate structure completed by the structural team of the investigation.
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4. MATERIAL PROPERTIES AND MATERIAL MODEL PARAMETERS FOR
NUMERICAL MODELING

Introduction
In order to properly determine the behavior of the structural and soil components,
testing must be performed to calculate the density and strength properties of the
corresponding materials. The modeling of material behavior also requires the calculation
of parameters to represent the stress-strain relationship of the material. These properties
can be determined through field or laboratory tests but are often limited by the resources
available. Material properties were determined from the evaluation of previous
investigations. There are multiple material models that can be used to represent the stressstrain relationship that governs the behavior of the material under loading/unloading. The
parameters that are used to represent this behavior can be determined from laboratory
testing or empirical relationships. The limited availability of testing results, along with
the uncertainty and variability in tested properties, required the use of multiple
assumptions and calibration to determine the most accurate representation of the material
properties and behavior.
Parameters of Soil Layers and Foundation
Available Properties and Mohr-Coulomb Stress-Strain Relationship Parameters
The most important factors in determining the amount of settlement of a foundation
are the characteristics of the underlying soils and the magnitude and the duration of the
loads. The loads are mainly self-weight of the structures and can be estimated from
geometry and the unit weight of the structural materials. However, estimating the soil
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parameters is difficult because the values change with time and due to loading and
unloading histories. Strength parameters and consolidation parameters are essential for
modeling the behavior of soil. Since the soil lies beneath the surface, little is known about
the soil beneath the foundation. As previously stated, soil borings were collected on the
fort parade ground in 1992 as part of a subsurface investigation. Sieve analysis data from
the investigation was used to establish seven distinct soil layers throughout the depth of
the soil. A profile of these soil layers and their descriptions is displayed in Figure 3.2.
SPT testing was performed throughout the depth of the soil. Consolidation tests were
performed on undisturbed samples of the clay layers by LAW Engineering. Using graphs
comparing the change of void ratio of the sample with respect to time, consolidation
curves were created to calculate compression indices Cc and Cs. (U.S. Army Corps of
Engineers, 1992).

Multiple tests were performed for each layer defined by this

investigation, and the average values were calculated. The compression indexes were
used to calculate Mohr-Coulomb stress-strain parameters for each of the clay layers using
empirical equations to be used in the finite element model. The clay was determined to be
saturated and over-consolidated, so the assumption that the friction angle was equal to
zero degree was made. Based on the percentage contents of various types of soils on the
gradation curve, average Mohr-Coulomb stress-strain parameters were assumed for based
on empirical relations of SPT values for the sand layers of the cross-section (Meyerhof,
1956)
The main foundational components of the fort consist of various forms of granite
stones ranging from 50-200 pounds in weight, dumped from a barge at the beginning of
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the construction of the fort. Although there were models present in PLAXIS to accurately
show the behavior of rock, the Mohr-Coulomb stress-strain relationship was used because
of limited experimental data available for the calibration of parameters. Its simplicity in
interpreting the simulation results was also a factor in choosing this model. The
properties of granite were taken from average values for the New York area from which
the granite was shipped (Cornell University, 1990). Since foundational materials used
were not solid rock, the strength properties were reduced by ten percent to account for the
presence of air voids and inconsistencies in the interaction between the stones. This is
similar to procedure commonly used to account for the construction methods used in the
creation of a foundation (Ho, 2003). The granite fitted stone and courses did not sustain
this reduction because the sizes of the stones were significantly larger and greater care
was taken in construction to ensure cohesiveness between the stones. The initially
calculated properties and strength parameters of the soil layers are shown in Table 4.1.
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Table 4.1: Initial soil properties and Mohr-Coulomb stress-strain parameters of soil
layers
Salient Angle Properties
Soil Layers (Before Configuration)
Saturated unit
weight, γsat
(kN/m3)

Elastic modulus
at reference
pressure, Eref
(kPa)

Poisson’s
ratio, ν

Cohesion,
c (kPa)

Friction
angle,
(°)

Layer

Material

Dry unit
weight, γd
(kN/m3)

Layer 1

Stiff green,
calcareous clay

10.97

16.74

135000

0.38

288

0

Layer 2

Fine silty sand
loose to medium
dense

13.26

18.05

33000

0.25

0

35

Layer 3

Soft highly
plastic clays

11.73

17.1

50000

0.33

144

0

Layer 4

Silty sand,
loose to medium
Dense

13.74

18.05

40000

0.25

0

35

12.38

18.05

40000

0.26

30

0

15.09

18.5

30000

0.33

0

38

Layer 5

Layer 6

Loose sand with
clay, clayey
sand
Silty sand,
medium dense
to dense

Layer 7

Weak clay mud

12.38

18.05

15000

0.26

15

0

Layer 8

Fine sand with
brick fragments

16.49

18.05

30000

0.2

0

30

Layer 9

Granite

25

25

4000000

0.2

Layer 10

Fitted stone

25

25

4000000

0.2

Layer 11

Rammed cement
and oyster shells

15.7

15.7

530490

0.2

206

35

Layer 12

Granite courses

25

25

4000000

0.2

Layer 17

Loose sand fill

14

14

30000

0.3

0

30

Hardening Soil Material Model and Stress-Strain Parameter Calibration
The Mohr-Coulomb stress-strain relationship is simple and its parameters are easy to
determine from laboratory tests. However, it is not suitable for representing soil behavior
under dynamic loads (cyclic loads) such as earthquake (PLAXIS, 2013). The Hardening
Soil stress-stain relationship, which represents the soil behavior better than the Mohr-
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Coulomb relationship, was used because the loads considered in this study were dynamic
in nature. The calibration of the required parameters for the Hardening Soil stress-strain
relationship posed a challenge because the experimental data obtained from the past
investigations was not sufficient to compute all the necessary parameters. A simple
approach followed in this study is presented below.
The friction angle, cohesion, and dilatancy angle had already previously been
calculated for use in the Mohr Coulomb relationship. Since the stiffness properties vary
with stress, PLAXIS requires all stiffness parameters to be the values of a soil under the
reference pressure of 100 kPa. The equations to determine the additional parameters are
shown below.
ref
ref
Eur ≈3 E50

(1)

(1 ν)E

ref

Eoed = (1 2 ν)(1 + ν)

(2)

The Poison’s ratio (ν) and the Elastic Modulus (E) were previously determined with
the calculation of Mohr-Coulomb parameters.

ref

The oedemeter modulus ( Eoed ) was
ref

calculated using the values of E and ν. Since the calculation of Eur is dependent on the
ref

ref

value of E50 , E50 was chosen for the calibration. In order to begin the calibration of
ref
E50 , the Mohr-Coulomb stress-strain relationship was first created using the c, , and

reference pressure (pref). The Hardening Soil relationship was graphed on the same plot
as the Mohr Coulomb relationship and several considerations were made to ensure that
the Hardening Soil relationship most accurately reflected real life behavior of the soil.
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The initial trial value used for E50 was the modulus of elasticity, E0 determined for the
Mohr-Coulomb model (Das, 2010). Considerations that were made in the calibration of
the hardening soil parameters were the initial modulus E0 and its comparison to the initial
modulus of the Mohr-Coulomb model. Careful observation ensured that the initial
modulus was not increased by a considerable amount due to much of the project
experiencing low strains. Another consideration with calibrating the soil parameters was
to ensure that the Hardening Soil stress-strain relationship reached failure before 0.05%
strain occurred in order to incorporate appropriate range for this study. In order to make
this calibration, the ultimate deviator stress (qf) for the Hardening Soil relationship was
raised until the strain range of the failure met the 0.05% qualification. To represent the
raising qf in PLAXIS, the pref was altered to the calculated value( PLAXIS, 2013). The
reference pressure was different from the reference pressure in the initial Mohr-Coulomb
relationship. This soil modeled with the Hardening Soil stress-strain relationship was
used to determine a reasonably accurate representation of the soil deformation behavior
for each soil layer for the strain levels used in this study. Figures 4.1 and 4.2 show a
comparison of the Hardening Soil and Mohr Coulomb stress strain relationships.
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Figure 4.1: Calibration of Hardening Soil stress-strain relationship a) Layer 1,
b)Layer 2, c) Layer 3, d) Layer 4, e) Layer 5, and f) Layer 6
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Figure 4.2: Calibration of Hardening Soil stress-strain relationship a) Layer 7, b)
Layer 8, c) Layer 9, d) Layer 10, e) Layer 11, f) Layer 17
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After calibration a complete summary of the initial Hardening Model parameters are
shown in Table 4.2.
Table 4.2: Properties and Hardening Soil model parameters of soil layers
Layer
Layer 1

Layer 2

Layer 3

Layer 4
Layer 5

Layer 6

Layer 7

Layer 8
Layer 9
Layer
10
Layer
11
Layer
12
Layer
17

Material
Stiff Green,
Calcareous
Clay
Fine silty
Sand loose
to medium
dense
Soft Highly
Plastic
Clays
Silty Sand,
Clayey
Sand
Clayey
sand
Silty Sand,
Medium
Dense to
Dense,
Weak clay
mud
Fine Sand
with Brick
Fragments
Granite
Mole
Fitted
Stone
Rammed
cement
and oyster
Granite
courses
Loose Sand
Fill

γd
(kN/m3)

γsat
(kN/m3)

Eref (kPa)

ν

c
(kPa)

φ
(°)

E50 ref
(kPa)

E eod
(kPa)

Eur
(kPa)

pref
(kPa)

10.97

16.74

135000

0.38

288

0

135600

243350

390000

100

13.26

18.05

33000

0.25

0

35

33100

36000

90000

100

11.73

17.1

50000

0.33

144

0

52100

74080

150000

100

13.74

18.05

40000

0.25

0

35

40000

36000

90000

100

12.38

18.05

40000

0.26

30

0

41000

54000

135000

100

15.09

18.5

30000

0.3

0

32

30500

33650

75000

100

12.38

18.05

15000

0.26

15

0

15000

18000

45000

100

16.49

18.05

30000

0.25

0

30

31000

240000

60000

100

25

25

3000000

0.2

10000

30

3000000

4000000

25

25

4000000

0.2

10000

30

4000000

5000000

15.7

15.7

530490

0.2

206

35

530490

63600

200000
0

100

25

25

4000000

0.2

10000

30

4000000

5000000

100000
0

100

14

14

30000

0.25

0

30

31000

240000

60000

100

900000
0
100000
0

100
100

Parameters of Casemates, Scarp Walls, and Battery Huger
The required material properties for the structural elements of this study were
obtained from laboratory tests on core samples of the masonry and masonry prism
specimens from the fallen debris. Two samples were obtained from the prism specimens,
which were tested for the compressive properties of the fort’s masonry.

26

It was

determined from observations of the Clemson research team that the casemate structure
of the fort consisted of two different materials. Clay bricks composed the exterior of the
scrap wall as well as the arches and ceiling of the casemate vaults. The clay bricks were
made at local plantations and have been repaired and replaced through the lifetime of the
Fort. Most of the masonry mortar used at Fort Sumter was comprised of lime, sand and
natural cement (also known as Rosendale cement), a binder generally producing lower
strength mortar than Portland cement-sand mortars. A concrete fill was found in the
center of the exterior casemate piers. The concrete fill was also placed in the center of
the scarp wall along the entire length of the wall. The concrete infill of the fort can be
best described as “rubble concrete”– a concrete-like compound generally composed of
quicklime (obtained by burning oyster shells) and aggregate (composed primarily of
oyster shells and sand with some brick pieces).
Using experimental results of the Clemson University research team, the mean
values of elastic modulus, unit weight, and Poisson’s ratio were determined for the
material used in the structures(Brosnan, 2011). The strength parameters, such as friction
angle and cohesion for the structural components, were determined using empirical
equations (Dusko, 2009). The parameters for the materials composing the external
structures are shown in Table 4.3. These parameters were assumed to be constant
throughout each cross-section (no spatial variability is considered).
The results of the compression test of the core samples of brick contained a high
variation. This could be due to age, moisture content, or variability of the original
construction method used. The elastic modulus of the brick was determined to have an

27

extremely high COV of over 0.68 and was considered unreliable. To model the brick and
concrete components, the empirical equation for concrete structures was used, for it was
determined to be more consistent (Dusko, 2009).

E  8500  3 fck  8MPa 

(3)

where fck is the compressive strength of the material. The casemate structure was initially
modeled as an elastic material to prevent the occurrence of failure to simplify model
construction.
Battery Huger was modeled by breaking it up into two sections based on its design
loadings (US Army Corps of Engineers, 1992). These loadings were used along with the
current height of the structure to create corresponding densities. The strength properties
of the concrete were used as typical values of Portland cement. These typical strength
values were considered sufficient for the battery for it was not analyzed for its structural
integrity, but was used more to determine the loading created on the foundation.
Properties used to model The Battery Huger components are shown in Table 4.3.
Table 4.3: Properties of structural components

Layer
Layer 13
Layer 14
Layer 15
Layer 16

Description
Front
Battery
Back
Battery
Casement
Bricks
Casement
Concrete

γd (kN/m3)

γsat (kN/m3)

ν

Eref (kPa)

c (kPa)

φ(°)

19.68

19.68

3000000

0.2

365

35

11.82

11.82

3000000

0.2

365

35

14.61

14.61

856400

0.2

255

30

15.7

15.7

530490

0.2

206

30
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The properties of these structural components have been simplified and the complex
nature of the masonry structure was not fully represented in this model. Reduction in
these strength properties could be present as a result of the neglecting of the
representation and orientation of mortar joints connecting the individual masonry units.
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5. MODELING OF SIGNIFICANT HISTORICAL EVENTS AND MODEL
CALIBRATION

Introduction
The Fort Sumter has experienced much deterioration since the end of construction in
1860. The goal of this chapter is to reconstruct historical events experienced by the fort
using computer modeling and then use the model to predict the future performance of the
fort. The structural loads including the self-weight of the casemates, walls and foundation
itself are ultimately transferred to the underlying soil through the foundation. The
properties of the supporting soil influence the performance of structures supported on it.
It should be noted that soil is a history dependent material; hence, to understand the
behavior of the soil under the foundation of the fort and its effect on the behavior of
structures (casemates), the entire history of the fort must be examined. Because of the
long history of the fort’s and unavailability of soil data from the beginning, the historical
performance can be best recreated using numerical modeling considering the significant
loading/unloading events that the fort’s foundations have experienced. The results of each
of these events in terms of settlement can then be compared to limited measured values
from historical data in order to calibrate the material properties of the model. The
calibrated model can then be used to predict the performance of the fort subjected to
future loadings such as ocean wave, storm surge and earthquakes. The development and
calibration of the numerical model is presented in this section.
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Finite Element Model Creation and Analysis
Finite Element Software (PLAXIS 2012 2D):
The numerical analyses were conducted using advanced finite element software
called PLAXIS. PLAXIS 2012 2D is a finite element software intended for mechanical
and flow analysis of geotechnical and structural systems with nonlinear, time dependent,
anisotropic behavior of soils along with their interaction with structures. Due to limited
funding, only 2-dimensional (2D) models were created and analyzed. In this study,
PLAXIS was implemented to create 2D cross-sections (a total of three sections) across
critical areas of the fort to calibrate and investigate the performance of the fort when
subjected to significant loadings of the past and future.
Representation of Materials in Finite Element Model
Using the geometry and material properties described in Chapters 3 and 4, Finite
Element models were created to represent critical casemate structures and evaluate the
foundational stability of the fort. To obtain the most accurate deformation behavior, the
most suitable stress-strain relationship was chosen for each material. The stress-strain
behavior of each soil layer was represented by the Hardening Soil relationship which is
suitable for accurately modeling the soil behavior under static and dynamic loading
conditions. The massive foundation stones above the soil layer and below the casemates
were represented by the Mohr Coulomb stress-strain relationship due to the
circumstances of the load applied. The structural components were represented by simple
linear elastic material model which is common in the finite element modeling of such
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materials. The representative element and material model used to represent each
component of the fort is summarized in Table 5.1.
Table 5.1: Methods used to model fort components in PLAXIS
Physical component
Soil layers
Foundational components
Casemate structure
Scarp wall
Battery Huger

Numerical model
Representative element
Material model
15 node element
15 node element
15 node element
Plate element
15 node element

Hardening Soil
Mohr Coulomb
Linear Elastic
Linear Elastic
Mohr Coulomb

The scarp wall of the fort was modeled in PLAXIS as a plate element with corresponding
sectional properties. The base of the scarp wall that is underground consists of solid brick
and was modeled using properties that were based on its geometry and measured values
determined from the material testing performed by Clemson Research Team. The upper
section of the scarp wall was consistent of portions of brick and tabby concrete. This was
modeled by creating equivalent thickness based on the proportion of each material. Due
to the plates not occupying any thickness on the model, the density of the plate was an
effective density calculated by subtracting the density of the adjacent material
(Waterman, 2006).
(4)
where w is the effective unit weight of the plate element, γwall is the unit weight for
the wall material, and γsoil is the corresponding soil material that it borders; d is the
thickness of the wall. This is the standard procedure followed in modeling a structural
element with plate element in finite element simulation. The calculated properties for
each of the wall elements are displayed in Table 5.2.
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Table 5.2: Properties of plate element used to model scarp wall
Properties

Scarp wall

Wall base

Effective elastic modulus, Eeff (kN/m2)

1210345

1815000

Unit weight, w (kN/m/m)

15.175

14.62

Area, A (m )

1.74

1.74

Moment of inertia, I (m4)

0.439

0.439

Normal stiffness, EA (kN/m)

2106000

3158100

Flexural rigidity, EI (kNm /m)

531300

796700

Thickness of wall, d (m)

1.74

1.74

Effective unit weight, weff (kN/m/m)

0.972

1.807

Poisons ratio, ν

0.2

0.2

2

2

Using the element types and materials models previously discussed, the undisturbed
mesh shown in Figure 5.1, was created. The casemate structure of the current condition
of the fort is shown meshed. The upper levels of the structures are outlined and used in
the analysis of the historical loadings which include the complete construction and
destruction of the fort. Figure 51b contains a more detailed image of the modeled
structure and points used for further analysis.
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Figure 5.1: a) Finite Element mesh of the Salient Angle cross-section b) Further
detail
Significant Loadings and Loading Parameters
The properties of soil are greatly affected by the history of the loadings that the soil
experienced. Since consolidation of soils is a time dependent property, a detailed account
of all the major loadings experienced by the foundation along with the duration of each
load had to be determined. For this purpose, multiple historical documents were
consulted. The main historic events that are included in the analysis are documented in
Table 5.3 (HABS Catalog Supplement, 1959). Each event includes the addition or
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removal of a significant load that could have created movement or stress in the
foundation elements of the fort.
Table 5.3: Significant loading and unloading events of Fort Sumter’s foundation
Loading Schedule of Fort Sumter Foundation
Event
number
1

Date

Description of loading

1829-1833

Construction of mole foundation base

2

1834-1840

Construction delay to litigation

3

1841-1845

Construction of fitted stone foundation

4

1845-146

Settling of foundation (2-1/2 inches of settlement recorded

5

1846-1850

Construction of casemates

6

1850-1861

Construction of all three levels of fort and interior buildings

7

1861-1865

General destruction of fort due to artillery bombardment

8

1865-1870

No activity

9

1870-1875

Clean up and reshaping of rubble, addition of fill

10

1886

Great Charleston Earthquake of 1886

11

1895-1900

Construction of Battery Huger

12

1901

Earthen fill added around battery

13

1950-1955

Portion of fill removed to reveal original fort

The most significant historical loadings were chosen to be analyzed numerically to
obtain the current condition. A loading can be modeled in PLAXIS through the creation
of a simulation sequence called a “phase”. Each phase allows the addition or removal of
loads for a predetermined time period. After each loading was applied, the soil was
modeled to be under consolidation for the time period during which the load was
sustained. That way, accumulated response due to each individual event could be
computed accurately. The loading schedule used in this study is shown in Table 5.4.
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Table 5.4: Loading schedule in PLAXIS
Phase
#

Label

Calculation
Type

Time
(days)

Description

0

Initial loading

Gravity

0

Initial soil layers

1

Nil step
Event 1, 2 - Granite
mole foundation
loading

Plastic

0

Nothing Action

Consolidation

4380

Addition of Granite mole

2

3

Event 3 - Fitted stone
foundation loading

Consolidation

365

Addition of Fitted stone, Granite courses,
Sand fill, Rammed cement, and Wall base

4

Event 5 & 6 Complete building
loading

Consolidation

1095

Addition of both casemate structures,
terriplein level, and Scarp Wall

5

Event 7 & 8 - Loading
redistribution from
bombardment

Consolidation

2500

Removal of second casemate, reduction of
wall height to 24 ft, 7ft of rubble on
casemate

6

Event 9 –
Reconstruction and
repairs

Consolidation

3650

Wall height reduced to current height,
rubble removed 4ft of sand added

7

Event 10 - 1886
Earthquake

Dynamic

15*

Time history of Kobe earthquake applied to
base of model

8

Nil step

Plastic

0

Nothing changed

9

Event 11 - Battery
Huger loading

Consolidation

1095

Application of both Battery Huger layers

10

Event 12 - Loading of
fill

Consolidation

16425

Addition of 16ft of sand fill between
casemate and battery, filling of casemates
with sand fill

11

Event 13 - Removal of
fill

Consolidation

16425

Removal of sand between battery and
casemate, removal of sand above and inside
casemate

*Time in seconds

The nil steps, used to allow the soil to return to equilibrium, are necessary to resolve
the presence of unstable stresses so the simulation can proceed. Since no recordings were
performed for 1886 earthquake event, the 1995 Kobe Earthquake acceleration time
history was used to simulate the effect of the 1886 earthquake.
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Simulation Results and Discussion
In evaluating the effects of the loading schedule, of particular interest were the
effects of each loading on the movements and stresses of the foundation and structure of
the fort. The vertical and horizontal movements of underlying soils are examined at each
stage to determine the critical soil layer and to use the corresponding results for further
analysis. Movements of structural components of the fort are compared to historical
records to calibrate the model.
Salient Angle
Initial Phase
PLAXIS contains two methods to generate initial stresses: (a) Gravity Loading, and
(b) K0-procedure. Gravity loading calculates the corresponding K0 through the use of the
Poisson’s ratio (), while the K0-procedure bases the value on the friction angle of each
soil layer. Since the Poisson’s ratio was more accurately measured than the friction angle
which was derived from empirical equations, the gravity loading procedure was chosen to
generate initial stresses.
The initial loading shows a uniform vertical deformation at the top of model based
on the loading from the soil being underneath the water.
There were large horizontal stresses present in the clay Layers 1 and 3 for they were
calculated using the gravity loading method. The gravity loading uses the Poisson’s ratio
to calculate the K0 used to determine horizontal stress (PLAXIS, 2013). The Poisson’s
ratio for these layers is significantly higher than that of the sand layers and therefore the
K0 and the horizontal stress values were correspondingly affected. The vertical stress
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varies linearly with the depth of the soil, as expected, due to the simplicity of the
geometry of the model. When checked with hand calculated stresses based on unit weight
and thickness of soil layers, the values were determined to be acceptable.
Construction of Mole Foundation
The construction of the mole foundation was modeled through the creation of a layer
of soil containing the properties of granite and meeting the dimensions as far as could be
determined from drawings and other historical documents. In this study, the granite stone
layer was represented as a nonporous material, which is the most suitable approach to
negate any affect that pore water pressure may have on this layer. The deformed mesh for
this loading is displayed in Figure 5.2.

1 cm

1.3 cm

1 cm

Figure 5.2: Deformed shape due to the construction of mole foundation at Salient
Angle (self-weight) (Deformation magnification factor = 200)
The model predicted that the construction of the mole foundation created a small
amount of vertical movement in the sand layer immediately below the foundation. Shown
in Figure 5.3, most of the vertical deformation occurred in the sand layer and the loading
was not sufficient enough to consolidate the deeper soil layers. Minor deformations can
be noticed to soil depths of approximately 15.24 m (50 ft). Figure 5.3, also displays
horizontal movements as a result of the foundation loading. These deformations occurred

38

in two separate locations at central locations, at depths of 4.57 m (15 ft) in Layer 5, the
thin clay layer directly below the foundation. These focal points included positive and
negative horizontal movements that are symmetric across the center of the foundation
beneath each end of the foundation allowing for the corresponding vertical movement of
the foundation.
(a)

(b)

Figure 5.3: Displacement contour due to the construction of mole foundation at
Salient Angle, a) horizontal, and b) vertical
Construction of Fitted Stone Foundation
The construction of the fitted stone foundation was simulated through the addition of
the fitted stone foundation, the base of the scarp wall, the granite courses, the rammed
concrete, and the parade ground fill soil layers to the previous stage. After the foundation
was completed in 1845, it was allowed to set for a year to monitor settlement. According
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to historical data, a maximum settlement of 2 ½ inches was recorded, which was
considered satisfactory to continue construction (U.S. Army Corps of Engineers, 1992).
The initial model created experienced significantly less settlement than this value, which
was the attributed to the fact that the soil parameters modeled were derived from soil
borings taken in 1992 (U.S. Army Corps of Engineers, 1992). These values were of overconsolidated soil and therefore were more stiff and dense than the soil strength
ref

parameters at original construction. The Elastic Modulus at 50% strain, E50 of the soil
was calibrated until desired settlement at the surface of the foundation was achieved in an
attempt to recreate initial soil conditions. The Elastic Modulus was analyzed for it
considered to experience the most effect from over-consolidation (Soga, 2005). The
adjusted values for the Hardening Soil stress-strain relationship are shown in Table 5.5.
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Table 5.5: Adjusted properties and strength parameters of soils layers
Layer
Layer 1

Layer 2

Layer 3
Layer 4

Material
Stiff Green,
Calcareous
Clay
Fine silty
Sand loose to
medium
dense
Soft Highly
Plastic Clays
Silty Sand,
Clayey Sand

γd
(kN/m3)

γsat
(kN/m3)

Eref
(kPa)

ν

c
(kPa)

φ
(°)

E50 ref
(kPa)

E eod
(kPa)

Eur
(kPa)

10.97

16.74

130000

0.38

288

0

130000

243350

390000

13.26

18.05

30000

0.25

0

35

30000

36000

90000

11.73

17.1

50000

0.33

144

0

50000

74080

150000

13.74

18.05

30000

0.25

0

35

30000

36000

90000

Layer 5

Clayey sand

12.38

18.05

45000

0.26

30

0

45000

54000

135000

Layer 6

Silty Sand,
Medium
Dense to
Dense,

15.09

18.5

25000

0.3

0

32

25000

33650

75000

Layer 7

Weak clay
mud

12.38

18.05

15000

0.26

15

0

15000

18000

45000

Layer8

Fine Sand
with Brick
Fragments

16.49

18.05

20000

0.25

0

30

20000

240000

60000

Layer 9

Granite Mole

25

25

3000000

0.2

10000

30

3000000

4000000

9000000

Layer 10

Fitted Stone

25

25

4000000

0.2

10000

30

4000000

5000000

1000000

15.7

15.7

530490

0.2

206

35

530490

63600

2000000

25

25

4000000

0.2

10000

30

4000000

5000000

1000000

14

14

20000

0.25

0

30

20000

240000

60000

Layer 11
Layer 12
Layer 16

Rammed
cement and
oyster
Granite
courses
Loose Sand
Fill

ref

The calibrated E50 values were compared to those determined for current soil
conditions as calculated by LAW engineering. A linear variation of the modulus was
assumed with time and different values were established for each phase of loading in the
fort’s history. The variation of elastic modulus over duration of loading is similar to
method discussed by (Hardin and Black, 1968). This method included the constant
increase in the elastic modulus despite that the magnitude and duration of the loading was
altered throughout the fort’s history and reduction from the occurrence of any unloading
was not taken into account. The values for each phase are shown in Table 5.6. A similar
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procedure is widely used for inverse analysis of problems with large number of uncertain
parameters. It is worthwhile noting that a structural analysis study of this fort is being
conducted considering it as an inverse problem. The other strength properties of the soil
layers, including the friction angle and cohesion, were not adjusted for their initial values
contained further uncertainty requiring them to be further evaluated in an additional
parametric study.
Table 5.6: Variation of Elastic Modulus at 50% strain for each phase
E50 for each loading phase (kPa)
ref

Layer

Mole

Fitted stone

foundation

foundation

Complete
building
loading

Load
redistribution

Reconstruction

1886

from

and repairs

Earthquake

bombardment

Battery
Huger
loading

Loading of

Removal

fill

of fill

Layer 1

129600

130000

130300

130900

130800

131500

131700

131900

133300

Layer 2

26500

27000

27300

28100

28000

28800

29000

29200

31000

Layer 3

39200

40000

40500

41900

41700

43000

43300

43700

46600

Layer 4

26000

27000

27700

29400

29200

30900

31300

31800

35600

Layer 5

38600

40000

41000

43300

43000

45400

46000

46700

51900

Layer 6

17000

18000

18600

20200

20000

21600

22000

22500

25900

Layer 7

15000

15000

15000

15000

15000

15000

15000

15000

15000

Layer 8

13800

15000

15800

17800

17500

19500

20000

20600

24900

After all of the soil properties were calibrated, the model was tested and the
deformed mesh in Figure 5.4 was created. As can be seen from the figure, the interior
half of the granite mole foundation had a larger settlement due to the dumping of the sand
fill into the parade ground.
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4.48 cm

5.57 cm

Figure 5.4: Deformed shape after application of fitted stone foundation
(Deformation magnification factor = 50)
The horizontal and vertical movements of each soil layer are displayed in Figure 5.5.
As previously stated, the largest deformation of the model occurred in the loose sand fill
layer located in the interior of the fort that was consolidated under self-weight. The
vertical settlement of the soil was very limited past a depth of 7.62 m (25 ft). There was
no longer a symmetric horizontal deformation but the addition of the sand fill inside the
fort caused a horizontal shift of the soil the seaward.

(a)

(b)

Figure 5.5: Displacement contour due to foundation loading at Salient Angle, a)
Horizontal and b) Vertical
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Initial Construction of Complete Structure
This phase modeled the effect of the full construction of Fort Sumter on the
foundation. It adds the inclusion of the full fifty feet of the scarp wall along with the
addition of two levels of casemate structures and a terriplein level. The casemate
structures were modeled with a combination of the brick and tabby concrete properties
according to historical dimensions. A point load was used to represent the portion of the
scarp wall that rose above the terriplein floor. There is also the inclusion of sand layers
above each casemate arch to provide damping to control the vibrations from artillery
impacts. The sand layer provided weight to the structure but had very little strength
compared to the surrounding materials. The effect of other buildings such as the barracks
or the staircases of the fort was not evaluated due to inability to determine loadings from
historical documents. The simulation results showed the soil movement from the building
construction right up to the forts destruction.
The deformed mesh of the foundation after the construction of the complete structure
is shown in Figure 5.6. From this figure, it can be seen that there is a significant vertical
settlement in the center of foundation. This created a “bulging” as the granite mole
foundation sinks down in to the sand layer beneath it. This is consistent with typical
settlement behavior of a rigid foundation under uniform pressure on sand (Coduto, 1999).
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3.4 cm

8.6 cm

5.8 cm

Figure 5.6: Deformed shape after the construction of structures at Salient Angle
(Deformation magnification factor = 50)
As seen by the Figure 5.7, the sand layer directly below the granite mole foundation
contained large deformations up to 0.015 m on the seaward side of the fort. The
horizontal deformation allowed for the formation of differential vertical settlement along
the length of the foundation. This is shown by the casemate pier on the inside of the fort
settling more than that of pier against the wall. This is also seen in the current conditions.
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Figure 5.7: Displacement contours due to Initial construction of structures at Salient
Angle, a) Horizontal and b) Vertical
Destruction of Fort and Redistribution of Load from Artillery Bombardment of the Civil
War
After the civil war, the fort was virtually destroyed. From historical documents, it
was determined that much of the bottom level casemate of the Salient Angle was intact
but the second casemate and terriplein levels were turned into rubble or in great disrepair.
Using a drawing created by General Q.A. Gilmore at the capture of the fort, the depth of
the rubble on top of the casemate was determined (HABS, 1991). This is shown in Figure
5.8. Using the dimensions of the rubble illustrated in the drawing and the total amount of
weight of the preexisting fort, a corresponding density 16.49kN/m3 was determined for
the sand and brick rubble. The rubble was then modeled through the application of a
uniform distributed load of 36.66 kN/m3 on top of the casemate arch and a triangular
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distributed load starting at a value of 36.66 kN/m3 and going to 0 kN/m3 at 4.572 m (15
ft) away from casemate pier into the fort.

Figure 5.8: Salient Angle cross-section after destruction of Fort Sumter (HABS,
1991)
The deformed shape for this model is shown in Figure 5.9. There is no direct historic
proof of collapse but it is most likely that the casemate arch structure experienced
damage not only from physical bombardment, but also from the increased amount of
loading directly on the arch structure. The weight of the upper level structure that was
initially designed to be distributed through the pier system down to the foundation was
repositioned onto an already damaged structure. The vertical settlement from the previous
loading was still present in the center of the foundation. With the weight being distributed
more evenly throughout the length of the foundation, there was a slight decrease in
vertical settlement from the previous phase.
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2.8 cm

7.8 cm

5.5 cm

Figure 5.9: Deformed shape after the destruction and redistribution of the removed
materials of Salient Angle (Deformation magnification factor = 50)
A thorough examination of the computed results was performed on the movement of
soil within each layer. The computed horizontal and vertical displacement contours are
shown in Figure 5.10. As can be seen in the Figure 5.10, horizontal movement was still
centralized in the sand Layer 6. This horizontal shifting of the sand seaward allowed for
much of the vertical settlement present in the center of the foundation.
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Figure 5.10: Displacement contours due to the destruction and redistribution of the
removed materials of Salient Angle, a) Horizontal, and b) Vertical
The destruction of the fort due to artillery bombardment was difficult to model
accurately due to the inability to determine the condition of structural elements of the fort
after the bombardment. The effect of the vibrations of the physical impact from the
bombardment on the settlement of the loose sand beneath the foundation is not
considered in this study but could have played a role in the damage of the structure.
Reconstruction and Repairs of Structure Following the Civil War
Since no direct knowledge is known of the exact damage of the fort, documentation
on the actual repairs of the fort were just as scarce. The repairs noted were a reduction in
the height of the remaining scarp wall and the removal of much of the rubble from the top
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of casemates (HABS, 1991). This was modeled by reducing the weight of the distributed
load placed on top of the casemate based on the corresponding depth of the fill and
reducing the height of the plate element representing the scarp wall. This event was
modeled for consolidation for a period of 10 years and the corresponding deformed mesh
is shown in Figure 5.11. The deformed mesh was very similar to that of previous stage.
However, the removal of some of the rubble from the casemates has led to the soil
rebounding, resulting in less vertical settlement than the previous phase.

Figure 5.11: Deformed shape due to repairs and reconstruction of Salient Angle
(Deformation magnification factor = 50)
The horizontal and vertical displacement contours through the soil profile are shown
in Figure 5.12. The displacement patterns contain similar results from the previous phase.
Out of the two focal points of horizontal displacement in the soil layers, the displacement
of sand seaward was significantly larger than the displacement landward.
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Figure 5.12: Displacement contours due to repairs and reconstruction of Salient
Angle, a) Horizontal, and a) Vertical
Occurrence of Earthquake of 1886
The Great Charleston Earthquake of 1886 leveled much of Charleston and is
considered one of the most significant seismic events to occur on the east coast of the
United States in recorded history (Stockton, 1886). During the time of the earthquake,
Fort Sumter was unoccupied and in disrepair. No report on the damage of the fort due to
this earthquake was available for the authors. It should also be noted that the
acceleration-time history of this earthquake was also not recorded because appropriate
instruments were not developed at that time. In this study, the acceleration-time history
measured during the 1995 Kobe Earthquake was applied at the bottom of the geometry of
the model to simulate and obtain the effect of an earthquake (PAEERC, 2014). It should
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be noted that the amplitude and the frequency content of these two earthquakes are not
the same. However, both of these earthquakes have caused significant liquefaction
damage and therefore the Kobe earthquake was used as a representative one in the
modeling. Rayleigh damping coefficients were calculated for the soil layers based on
average shear wave velocities of soils in the Charleston area (Andrus et al., 2014). The
model was simulated to the duration of 15 seconds of the dynamic loading for this was
time period in which the peak acceleration occurred. In order to stabilize the stresses and
allow the model to return to equilibrium, a nil-step was implemented immediately after
the earthquake loading. Following the performance of the nil-step, the deformed mesh in
Figure 5.13 was created. There is no significant permanent movement in model from the
earthquake. This matches recorded events which showed no known damage caused by
the earthquake. This is attributed to the disrepair of the fort and large masses of fill
around the structural components.

Figure 5.13: Deformed shape due to 1886 earthquake at Salient Angle (represented
by 1995 Kobe earthquake) (Deformation magnification factor = 50)
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The horizontal and vertical displacements due to the earthquake were examined for
each soil layer and are shown in Figure 5.14. After the nil-step allowed for the returning
of significant stresses to equilibrium, much of the horizontal movement created by the
earthquake had returned to original position. The maximum movement in the sand layer
directly below the foundation was 2.6 cm seaward. Large vertical settlement of 1.6 cm
was present at the base of the inner pier of casemate structure from further consolidation
of the sand layer beneath the foundation.

(b)

Figure 5.14: Displacement contours due to 1886 Earthquake at Salient Angle,
(represented by 1995 Kobe earthquake) a) Horizontal, and b) Vertical
Vertical settlement may be larger than model predicts due to the inability to model
the granite mole foundation as discrete elements. The vibration of the sand layer directly
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beneath the foundation could have led to many individual bearing capacity failures
between the granite stones and the fine sand. The model showed the mole foundation as a
single element and therefore prevents this type of settlement.
Construction of Battery Huger
The construction of the Battery Huger was modeled through the application of
rectangular shapes with the corresponding properties that are described in Chapter 4. The
deformed shape following the consolidation of the underlying soils for a year of
experiencing the battery loading is shown in Figure 5.15. The immediate loading of the
battery caused vertical settlement of the parade ground fill, which had been relatively
unloaded until then. The construction of the battery created large amounts of settlement
in the landward side of the foundation beneath the battery. The settlement continued to
occur throughout the depths of the soil profile affecting sand and clay layers to depths of
12.49 m (40 ft).

Figure 5.15: Deformed shape due to Battery Huger construction at Salient Angle
(Deformation magnification factor = 20)
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The leaning of the fort structure landward can further be illustrated by Figure 5.16.
The scarp wall had up to this point been leaning seaward according to the model. The
computer model predicts the construction of the Battery Huger has reversed the direction
that the scarp wall is leaning. This leaning may not be that extreme from the real life
event due to the inaccuracies in the model connections. The scarp wall and casemate
structures are not physically connected as shown in the model but are only touching each
other. This absence of connection will prevent the scarp wall from deflecting as much as
the casemate structures. This can be seen today from physical separation of as much 3.0
cm between the pier system and the scarp wall (Atamtukur and Prabhu, 2013). The
casemate structure themselves may not completely rotate as much the model suggest.
Cracks forming in the casemate arch could allow for differential settlement.

1.5 cm

2.6 cm

Figure 5.16: Horizontal movement of scarp wall after Battery Huger construction at
Salient Angle (Deformation magnification factor = 200)
Analysis was performed to determine the effect of the addition of the battery on the
fort’s mole foundation. Figure 5.17 displays the variation of the vertical displacement
along the base of the mole foundation. As shown in the figure, the settlement was
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significantly larger closer to the battery. This is still evident today from the large
differential settlement recorded between the casemate piers.

Figure 5.17: Variation of vertical movement of foundation after Battery Huger
Construction at Salient Angle (Deformation magnification factor = 50)

The horizontal and vertical movement from the battery loading were generated and
shown in Figure 5.18. There was a large amount of horizontal deformation at the base of
the mole foundation seaward as a result of the loading of battery shifting the sand under
the opposite side of the foundation. The horizontal movement from beneath the seaward
side of the foundation resulted in tilting of the Scarp Wall and casemate structure and was
a major reason for the vertical movement directly beneath the battery causing settlement
down to a depth of over 12.19 m (40 ft).
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(a)

(b)

Figure 5.18: Displacement shadings due to Battery Huger construction at Salient
Angle, a) Horizontal, and b) Vertical
Placement of Sand Fill Around Battery Huger
Sand was used to fill around the sides of the battery and the inside of the casemate
structure. The application of the fill was modeled in PLAXIS through the use of
distributed loads. The distributed loads were calculated based on the density of the sand
fill and the depth of the fill from historical records (HABS, 1959). The filling of the
casemate was modeled using the layer of the sand fill in the parade ground. The
corresponding deformed shape after almost 50 years of consolidation is displayed in
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Figure 5.19. From the deformed shape it can be seen that the base of the scarp wall has
been pushed seaward from its original position while the top of the wall was still tilted
landward. The addition of larger vertical loading led to increased vertical settlement and
the tilting of the scarp wall.

Figure 5.19: Deformed shape after loading of fill at Salient Angle (Deformation
magnification factor = 20)
The computed horizontal and vertical displacements at the end of the fill loading are
displayed in Figure 5.20. The horizontal movement occurred at one centralized location
at the center of the Clay Layer 5 and the sand layer directly beneath the foundation. The
sand layer beneath the foundation continued to move seaward as the casemate structure
and scarp wall continue to tilt landward due to the movement of the supporting soil layer.
The largest amount of vertical settlement occurred under the end of the battery closest to
fort foundation.
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(a)

(b)

Figure 5.20: Displacement contours due to loading of fill at Salient Angle, a)
Horizontal, and b) Vertical

Excavation of Fill From Parade Ground
In the 1950’s, after the National Park Service was given control of Fort Sumter,
much of the original components of the fort were excavated. This was modeled by the
removal of the distributed loads and the fill layer located in the interior of the casemate.
Using consolidation for about fifty years, the final result represents the condition of the
fort of today. The deformed shape for this model is displayed in Figure 5.21. From the
deformed shape, it can be seen that the foundation below the inner pier of the casemate
structure is returning slightly to its original position. The removal of the sand fill allowed
the casemate structure to move back towards its original position.

59

Figure 5.21: Deformed shape due to removal of fill at Salient Angle (Deformation
magnification factor = 15)
The horizontal movement of the scarp wall was examined in further detail in Figure
5.22. The model shows that the scarp wall is still angled landward. The largest
deformation occurred at the base of the wall with the horizontal movement becoming
gradually less as the height of the wall increases. This movement outward was from the
soil and the structure rebounding toward their original position after the removal of the
anchoring fill.
1.9 cm

3.0 cm

Figure 5.22: Variation of horizontal movement of scarp wall due to removal of fill at
Salient Angle (Deformation magnification factor = 200)
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The vertical and horizontal movements of the soil layers after the removal of the fill
are shown in Figure 5.23. There was horizontal movement below the foundation, in the
sand layer directly below the foundation. The vertical movements were highest still
directly below the foundation of the battery. These values were also decreased from the
previous stage.

(a)

(b)

Figure 5.23: Displacement contours due to the removal of fill at Salient Angle, a)
Horizontal, and b) Vertical
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Summary of Scarp Wall Movement at Salient Angle
One of the areas of most concern is the effect of the loadings on the Scarp Wall so
that the stability of the wall can be determined. The effect of the different loadings at
each end of the current scarp wall was examined over the lifetime of the fort. The
computed horizontal movement of the base of the wall (Point B Figure 5.1b) over time is
displayed in Figure 5.24. Positive movement indicates the movement toward the center of
the fort (landward movement). From the graph, it can be seen that the initial loading of
the foundation and fort structure caused slight landward movement. However, when the
upper layers of the fort were destroyed, much of the debris was added to the inside edge
of the fort’s foundation. The model predicts that the base of the wall began to shift
seaward because of additional load due to debris. The model also predicts that the
earthquake of 1886 (represented by 1995 Kobe earthquake acceleration time history)
created a large amount of horizontal movement, shifting the base of the wall almost 1.5
cm seaward. It seems that the addition of the Battery Huger led to soil shifting seaward as
the battery sunk into the loose sand fill. The addition of sand fill stabilized the base of the
wall, bringing it back towards its original position. After the fill was removed, the wall
returned to moving seaward and is still currently moving at a constant rate.
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Figure 5.24: Time history of horizontal movement at base of Salient Angle wall
(Point B in Figure 5.1b)
The predicted behavior of base of the scarp wall over time was computed. Displayed
in Figure 5.25 is the vertical deformation at the base of the wall. It can be seen from the
graph that the wall begins to settle as the fort is built with the addition of the foundation
and the complete structures. As the fort is destroyed and the fill around the structure is
removed, the wall begins to rebound until the occurrence of 1886 earthquake. The model
predicts that the earthquake shaking resulted in a small amount of vertical settlement. It is
worth noting at this point that the fort is located where the geologic conditions are
susceptible to soil liquefaction. Reports show (Bollinger, 1977) that liquefaction has
occurred in Charleston during the 1886 earthquake. The effect of soil liquefaction on the
performance of the fort was not investigated in this study but additional testing and
analysis should be performed to address this issue. The addition of the battery and
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corresponding fill led to more settlement. The removal of the fill greatly reduced the load
acting on the foundation, and the foundation is currently no longer settling from these
loadings but is bulging upwards as a response to being over consolidated.
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Figure 5.25: Time history of vertical movement at base of Salient Angle wall (Point
B in Figure 5.1b)
The horizontal movement at the top of wall (Point A in Figure 5.1b) was also
examined to determine the effect of the loadings on the tip of the wall over time, and is
displayed in Figure 5.26. Where positive movement is landward , it can be seen that the
initial loading of the fort structure lead to movement of the top of the wall landward.
After the bombardment of the Civil War the top of the wall began to shift toward the
center of the fort with an even larger displacement than that of the base. The
reconstruction of the fort led to a stabilization of the wall’s movement. According to the
numerical simulation, the Earthquake of 1886 created large amount of horizontal
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movement, shifting the top of the wall toward the sea. The addition of the battery led to
soil shifting toward the outside of the fort as the battery sunk into the loose sand fill.
Similar to horizontal movement at the base of the wall the addition of sand fill caused the
top of wall to deflect landward. After the fill was removed however the top of the wall
began moving towards the sea, and is still currently moving at a constant rate.
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Figure 5.26: Time history of horizontal movement at top of Salient Angle wall (Point
A in Figure 5.1b)
The base of the scarp wall was also examined for vertical deformations and Figure
5.27 was created to show the settlement over the life of the fort. The wall begins to settle
as the fort is built with the addition of the foundation and the complete fort construction.
After the fort is bombarded and fill is removed the wall begins to rebound until the
Earthquake of 1886. The addition of more loading from the battery and corresponding fill
created additional settlement. The removal of the fill greatly reduced the load acting on
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the foundation and the foundation is currently no longer experiencing settlement but is
moving upwards.
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Figure 5.27: Time history of vertical movement at tip of Salient Angle wall (Point A
in Figure 5.1b)
Through analyzing the two ends of the scarp wall, it was determined that the wall is
currently rotating with the top of the wall moving landward and the base of the wall
seaward There was little difference between the vertical movements at each end of the
wall for it is a rigid structure.
The rotation of the foundation was also analyzed over the history of the fort by
analyzing the differential settlement versus time between the bottom corners of the
granite mole foundation. These points are termed outside of foundation (Point C in Figure
5.1b) and inside of foundation (Point D in Figure 5.1b). The foundation was considered
to be rigid structure in this analysis with the tilting of the foundation being analyzed
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through just the vertical movement of the ends. Shown in Figure 5.28 it can be seen that
the corner of the foundation that is outside the scarp wall begins to tilt up upward at a
minimal amount due to load generated from the installation of the Battery Huger. The
bottom of the foundation on the edge inside the parade ground experiences extremely
large amounts of settlement due to the installation of the Battery Huger and the
corresponding fill creating a maximum differential settlement of 18 cm (0.18 m). Due its
large length of 20 m (65 ft) the mole foundation has only rotated 0.32 degrees toward the
outside of the fort. The rotation of the foundation is slowly returning back to the original
position since the removal of the fill with the model predicting a current angle of 0.27
degrees towards the outside of the fort. The foundation was still determined to be stable
based on standards (Das, 2011). The mole foundation is less rigid that the model suggest,
for it consists of many independent granitite stones. The large length of this foundation
along with the flexibility of the interchanging granite stones should prevent the
occurrence of any failures from foundation rotation.
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Figure 5.28: Time history of vertical movement at bottom ends of Mole Foundation
at Salient Angle (see Figure 5.1b)
Comparison of Model and Historical Results
The values calculated for vertical settlement seem considerably smaller than the
actual value. Many of the settlements and deformations can been seen at the fort by the
naked eye. This was justified considering the soil parameters used were from over
consolidated soil. Vertical settlement may be larger than model predicts due to the
inability to model the granite mole foundation as individual elements. The loading on the
foundation could have led to many individual bearing capacity failures between the
granite stones and the fine sand. The model showed the mole foundation as a single
element and therefore prevents this type of settlement.
Due to inaccuracies in the measurements when the fort was constructed, there is no
precise way to determine the exact settlement. There has been a historical report of up to
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1.016 m (40 inches) of total settlement (Pemberton, 1959) at the fort. This value is
considered to be incorrect due to the change in elevation datum since the original
construction of the fort.
One aspect that was able to be observed from the current fort condition was the
differential settlement that occurred between the inner and outer piers of the casemate
structure. This was measured through the use of 3-D scanning by the Clemson Research
team. This settlement was considered one of the principal reasons for the distresses
present in the current fort structure. This recorded differential settlement was compared
to the settlement achieved by the model in Table 5.7. The computer model predicted
significantly less differential settlement than the measured values available in the
historical documents (Ferguson, 1991).
Table 5.7: Comparison of historic and numerical model results at Salient Angle
Differential settlement between casemate piers (cm)
Numerical Model

8

Historical value

12

The underestimation of the differential settlement by the numerical model, in
general, could be result of the inability of PLAXIS to model cracking of the casemate
structure. This prevented the piers having large differences in settlement in the model.
Structural investigation
In order to further validate the results of this current model a thorough investigation
was performed into structural response of the casemate structure. Of particular interest
was the initiation of the cracks on the top and the bottom of the arch of the casemates
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which is visible in the present condition of the fort. It should be understood that a
sophisticated structural analysis has been conducted by Dr. Atamturktur’s team. Relative
movements, if any, of the piers will induce stresses on the arch. In order to further
examine the formation of the cracking taking place in the casemate structure the
horizontal stresses in the center of the arch were examined. The extremes stresses at the
top of the arch structure are shown in Figure 5.29. Large compression stresses were
generated at the top of the casemate structure during the load redistribution from the
demolition of the fort. These peak stresses match the differential settlement determined at
the base of the pier structures. The compression stresses show major reduction following
the removal of fill around the Battery Huger and represent the closing of the cracks in the
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Figure 5.29: Time history horizontal stresses at top center of casemate arch Salient
Angle (Point H in Figure 5.1b)
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Special investigation was performed on the bottom edge of the arch. Of particular
concern was the formation of tension stresses. The current condition shows cracks that
had formed laterally across the center of the casemate arch. The cracks were believed to
be a result of tension stresses forming in this location due to differential settlement in the
foundation. Testing of the material showed significantly smaller strengths in tension,
furthering the importance of this investigation. The normal stresses at the base of the arch
were examined over time in Figure 5.30 to determine when cracking takes place in the
casement structure. The peak tension stress is shown following the modeling of the
destruction of the fort. According to the simulation, this is when the cracking the
structure most likely began. The tension stresses begin to significantly reduce after
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Figure 5.30: Time history horizontal stresses at bottom center of casemate arch
Salient Angle (Point G in Figure 5.1b)
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The generation of the horizontal stresses in the casemate arch was attributed to
differential movement in the foundations of the pier structures supporting the casemate.
In order to explain the formation of horizontal stresses that are believed to create the
cracks in the casement structure, the movement at base of each pier was examined. Two
points, Points F and E, were selected to monitor the horizontal and vertical movements
during the simulation of significant events. Point F is located in the inner pier which is
near to the Battery Huger and Point E is located in the outer pier as shown in Figure 5.1b.
The computed vertical and horizontal movements versus time histories at these points are
shown in Figures 5.31 and 5.32, respectively. It can be seen that the settlement of the two
piers remains similar until the destruction of the fort from the artillery bombardment. The
differential vertical settlement was mostly influenced from the installation of the Battery
Huger. This has greatly increased the amount of loading on foundation closet to the
inside of the fort. This difference continued to increase through the addition of fill inside
the fort in 1901. However, after fill was removed, the difference in the settlement has
continued to decrease to the current condition. The horizontal differential movement was
determined to be negligible and therefore the vertical settlement was the determining
factor in the stresses generated in the casemate structure and the cause of cracks currently
found in the structure. When the differential vertical settlement was compared to the
horizontal stresses in the casemate, multiple concurring trends were found. The most
important is the current reduction of vertical settlement along with reduction of horizontal
stresses in the casemate arch. The simulated results show the reduction of the thickness of
the current crack in the casemate structure.
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Figure 5.31: Time history of vertical movement at the center of inner (Point E) and
outer (Point F) piers at Salient Angle
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Figure 5.32: Time history of horizontal movement at the center of inner (Point E)
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Left Face
The main difference between the cross-sections created at different locations of the
fort is the spatial relationship to the Battery Huger and the condition of the present
casemate structure. These differences were not present until the later phases of the
simulation. The Left Face experienced similar loadings and reactions until the simulation
of the construction of the Battery Huger and therefore the Left Face contained identical
results to that of the Salient Angle for much of the simulation. In order to prevent the
occurrence of repetition, only the results following the construction of the Battery Huger
are documented. Since this cross-section was not used for material model calibration,
parametric studies were not performed and only documentation of the impact of historical
events was taken into account. The deformed mesh for the construction of the Battery
Huger is shown in Figure 5.33. Since the battery is significantly farther away from the
foundation of the structure in this cross-section, there is less tilting of the fort landward.

A
B
3.6 cm

7.2 cm

7.6 cm

Figure 5.33: Deformed shape of Left Face after the construction of Battery Huger
(Deformation magnification factor = 20)
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To determine the exact effect of the battery on the settlement of the underlying soils
and the structures, the vertical deformation shadings of the entire model were generated
and displayed in Figure 5.33. As it can be seen a majority of the settlement occurs
directly beneath the battery. This is because this soil is a loose sand fill that had not yet
experienced significant loading.

Figure 5.34: Vertical displacement contour of Left Face after the construction of
Battery Huger
The final event that was examined was the unloading (removal) of the fill in the
parade ground that occurred after the National Park Service took control of Fort Sumter’s
management. This removal of fill included the removal of much of the material around
the Left Face. The only remaining structure of the Left Face casemate is the scarp wall
and portions of the casemate piers. The present condition predicted by the numerical
model is shown in Figure 5.35. The numerical model shows the removal of the fill has
caused the soil to rebound from previous loading. However, this lack of lateral support
of the scarp wall could lead to tilting or bowing of the wall.
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Figure 5.35: Deformed Shape of Left Face after the unloading of fill (Deformation
magnification factor = 20)
Summary of Scarp Wall Movement at Left Face
The effect of the different loadings at each end of the current scarp wall was
examined from the beginning of construction to the present day. The horizontal
movement at the base of the wall over time is displayed in Figure 5.36. Positive
movement indicates the movement is towards (into) the fort. From the graph, it can be
seen that the initial loading of the foundation and fort structure caused slight movement
of the base of the wall into the fort. However, when the upper layers of the fort were
destroyed, much of the debris was added to the inside edge of the fort’s foundation. The
model predicts that the base of the wall began to move seawards. The model also predicts
that the earthquake of 1886 created a large amount of horizontal movement shifting the
base of the wall almost 1.6 cm toward the sea (outward movement). This is probably a
result of failure of the soil due to the lateral loading of fill already acting in the same
direction. The addition of the battery load led to soil shifting seaward as the battery sunk
into the loose sand fill. The addition of sand fill stabilized the base of the wall bringing it
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back towards its original location. After the fill was removed, the wall returned to moving
t seaward and is still currently moving at a constant rate. Due to the location of the
battery in relation to the scarp wall, there is significantly less impact compared to the
Salient Angle cross-section.
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Figure 5.36: Time of history horizontal movement at base of Left Face wall (Point B
in Figure 5.33)
The base of the scarp wall was also examined for vertical deformations and Figure
5.36 was created to show the historical settlement behavior of the fort predicted by the
numerical model. It seems that the wall begins to settle as the fort is built with the
addition of the foundation and the complete fort loading. As the fort is destroyed and fill
is removed the wall begins to rebound until the earthquake of 1886. The earthquake
showed a small amount of settlement according to the PLAXIS model. This is due to the
fact that the model does not consider the liquefaction that could occur in the sandy soil
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directly beneath the foundation. The addition of more loading from the battery and
corresponding fill led to more settlement. The removal of the fill greatly reduced the load
acting on the foundation and the foundation is currently no longer settling from these
events but is moving upwards.
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Figure 5.37: Time history of vertical movement at base of Left Face wall (Point B in
Figure 5.33)
Right Face
The Right Face cross-section received nearly identical loading as that of the Salient
Angle. With results identical to that of the other cross-section for this stage of loading,
there were no significant findings in any distresses for this section. This cross-section was
still utilized for future loadings.
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Possible Settlement Caused by Liquefaction during 1886 Earthquake
The soil directly beneath the foundation is susceptible to liquefaction during
significant earthquakes. A 7.3 magnitude earthquake centered near Charleston occurred
in 1886 with area wide reports of structural failures, positive and negative tectonic
induced vertical land movement, and liquefaction.

Although there is no record of

liquefaction induced settlement at the fort from the 1886 earthquake, historical
documents show the evidence of liquefaction around Charleston area (Bollinger, 1977).
Therefore, it is reasonable to believe that the fort experienced significant amount of
liquefaction induced damage (settlement) during the 1886 Charleston earthquake. As a
part of this study, documents were studied to find evidence of liquefaction induced
damage to the fort and to quantify the amount of liquefaction induced settlement.
One such record found is the record (Provided by National Park Services) of Mean
Low Water (MLW) levels from 1840 till present. Figure 5.38 shows the tide station data
for the official Charleston Tide Station. The figure shows how MLW changes relative to
a fixed (unchanging) reference referred to as the North American Vertical Datum of 1988
(NAVD88). The graph shows that the MLW level has upward trend with time with a
gradient of 3.2 mm/year with sudden change in the elevation around 1886 during which
the earthquake occurred. There appears to be two possible scenarios that can be deduced
from the graph. Either the trend changed and became essentially flat between 1860 and
1900 or sudden vertical shift of about 0.16 m (0.5 feet) due to some other events
occurred. The trend of 3.2 mm/yr. mentioned above is shown by the bold line on the
graph. The trend line emanating from the pre-1860 data is offset vertically 0.16 m from
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the same trend passing through the post-1900 data. It can be argued that the 1886
earthquake very likely impacted the shift in the Charleston Tide Station record. The
basic data represented by the graph suggests the tide station possibly shifted upward
creating a false change in MLW.
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Figure 5.38: Measured Mean Low Water before and after 1900 (obtained from
hydrographic survey)
To predict the overall performance of the fort by incorporating the liquefaction
induced vertical settlement estimated based on the MLW level record (discussed above),
a new vertical settlement-time plot was created and displayed in Figure 5.39 for the
Salient Angle cross-section model. The revised settlement graph shows a total vertical
settlement of 25 cm since the beginning of the construction of the fort. This predicted
vertical settlement is in close agreement with the measured historical settlement at this
location (Pemberton, 1959).
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Figure 5.39: Time history of vertical movement at base of Salient Angle wall with
possible settlement due to liquefaction (Point B in Figure 5.1)
From the monitoring of Mean Low Water, as previously described, assumptions were
made to the extent of liquefaction settlement at Fort Sumter following the Charleston
1886 earthquake. It is assumed that the liquefaction occurred throughout the entirely of
the fort causing an even settlement of 0.16 m. Figure 5.40 shows the vertical movement
versus time for the Left Face taking into account the assumed settlement for liquefaction.
It can be seen that the liquefaction would be the single largest cause of vertical
settlement, if this was determined to be true. This also gives larger total settlement since
construction of the fort. The predicted settlement is consistent with the vertical settlement
of approximately 28 cm that was thought to occur from historians at the Left Face of the
fort (Pemberton, 1959).
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Figure 5.40: Time history of vertical movement at base of Left Face wall with
possible settlement due to liquefaction (Point B in Figure 5.33)
Parametric Studies
In order to address the uncertainty of soil properties and the corresponding stressstrain relationships used to represent the soil behavior numerically, parametric studies
were performed. The accuracy of the numerical results was examined, as well as the
impact the various conditions would have on the stability of the fort’s foundation.
Effects of Soil Properties
The effectiveness of a structure’s foundation is highly dependent on the properties of
the underlying soil. The response of foundation to various loadings is particularly
determined by the geotechnical strength properties such as friction angle and cohesion.
The soil properties of a site are determined through the performance of a site
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investigation that can encompass field and laboratory testing. The results of these tests
can be highly variable. The properties of the soil can also be highly variable and
uncertain spatially throughout the depth of the soil profile. This variability increased the
difficulty in predicting an accurate reaction of corresponding soils. Therefore a
parametric study was performed for the Salient Angle cross-section taking into account
the variability of the strength properties cohesion and friction angle.
Since only one test was performed at the site of the interest, statistical parameters for
the property variation were hard to determine. Based on the density of the corresponding
soil layers the Coefficient of Variation (COV) was estimated according to (Phoon, 2008).
The accuracy and quality of the site investigation data was also taken into account when
determining the COV. (Haldur and Mahadevan, 2000). The COV was used to determine
the standard deviations the strength properties for each soil layer. The properties for plus
one and minus one standard deviation are shown for each layer in Table 5.8. In order to
understand how these properties varied with depth, Figure 5.41 was created. Several of
the mean properties are equal to zero. Since the properties cannot be negative zero was
also used for minus one standard deviation.
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Table 5.8: Variation of soil properties with depth
φ' (°)
Layer Depth (ft)

μ -1

c' (kPa)

Mean φ' μ+1

COV

μ -1

Mean c'

μ+1

COV

70

0

0

5

15

244.8

288

331.2

30

60

0

0

5

15

244.8

288

331.2

30

60

29.75

35

40.25

15

0

0

5

30

53

29.75

35

40.25

15

0

0

5

30

53

0

0

5

15

122.4

144

165.6

30
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Figure 5.41: Variation of soil properties with depth of soil a) Friction angle b)
Cohesion
The effect of the variation of the friction angle was examined through repeating the
modeling of the history of Fort Sumter while varying the friction angle of the soil layers
by plus and minus one standard deviation. The corresponding time history of the vertical
movement of each variation was modeled at the base of the scarp wall and the results are
displayed in Figure 5.42. The variation caused from the uncertainty in soil parameters
shows minimal effect on the vertical settlement with respect to the overall vertical
settlement experienced at the bottom of the scarp wall.
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Figure 5.42: Time history comparing the effects of the variation in soil friction angle
on vertical settlement at base of Salient Angle (Point B in Figure 5.1b)
The effect of cohesion between soil particles on the vertical settlement at the base of
the Salient Angle scarp wall was examined in Figure 5.43. The variance of cohesion was
determined to have little effect on the resulting settlement. The effect of reducing the
cohesion of all the soil layers is significantly less than increasing a standard deviation due
to the fact that a majority of the soil profile depth consist of sand layers with an assumed
cohesion of zero and therefore were not affected by the reduction.
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Figure 5.43: Time history comparing the effects of the variation in cohesion on
vertical settlement at base of Salient Angle (Point B in Figure 5.1b)
Mohr Coulomb versus Hardening Soil Study
The accuracy of a finite element model is also highly reliant on constitutive model
used to represent the stress-strain relationship of the underlying soil. This study included
a comparison of the results of the modeling the history of Fort Sumter with the Hardening
Soil and Mohr Coulomb stress-strain relationships.

The time histories of vertical

settlement at the base of scarp wall for both relationships are shown in Figure 5.44. The
Mohr Coulomb relationship experiences smaller movements than that of the Hardening
Soil stress-strain relationship. The larger movements of the hardening soil model were
attributed to the modulus reduction that is taken into account in the Hardening Soil
relationship. In larger strain ranges experienced by historical events, such as the initial
building construction and the Battery Huger construction, the reduction in the Elastic
Modulus resulted in larger vertical movements for the Hardening Soil relationship.
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Figure 5.44: Time history comparing vertical movement comparing Mohr Coulomb
versus Hardening soil at base of Salient Angle wall (Point B in Figure 5.1b)

Conclusions
The model was subject to loadings that emulated those that were experienced by the
fort’s foundation. Many uncertainties and discrepancies in the original design and lack of
documentation of exact events that occurred made this a difficult task. The model showed
that major tilting of the wall and settlement of casemates can be explained to be a direct
result of the addition of the Battery Huger in 1899. This structure is believed to be the
cause of the differential settlement of the fort’s foundation, which is shown to be the
cause of the structural cracks in the casemate structure by the computer model’s
developed by Dr. Atamturktur and Clemson research team. It was also determined that
the fort is no longer experiencing settlement but is actually rebounding after much of the
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initial loading has been removed. This rebounding alleviates concerns of damage being
caused by continued settlement. The model accuracy was determined through calibration
of parameters to match results with historical data. Physical evidence from distresses and
rough determinations shows that the model contains slightly smaller values than reality
but withhold similar trends that can be explained. Considering the uncertainties for
present problem, this model was determined to be sufficiently accurate to model the fort’s
current condition and is believed an accurate tool for modeling the effect of future events.
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6. IMPACT OF EARTHQUAKE LOADING
Introduction
The Charleston, South Carolina earthquake of 1886 is the largest and most
destructive historic seismic event to have occurred in the southeastern United States(
Stockton, 1986). It damaged or destroyed many buildings in the old city of Charleston
and killed 124 people. Hardly a structure there was undamaged, and only a few escaped
serious damage. Property damage was estimated to more than $460 million (2006 dollars)
in damage (Côté, 2006). The formation of sand craterlets and the ejection of sand were
widespread in the epicentral area, but surface faulting was not observed (Stover, 1993).
Many acres of ground were overflowed with sand, and craterlets as much as 6.4 meters
across were formed. (Stover) Presented in Figure 6.1 is the map of 1886 earthquake
effects in the epicentral region by Bollinger (1977). Shown on the map is multiple
liquefaction and horizontal ground displacements that occurred throughout the area.
Liquefaction can occur in loose sand or silt where the soil loses it structural integrity
during a dynamic loading. This can lead to the soil behaving like a liquid and can lead to
massive foundation and structural damage. Due to the increase development of the
Charleston area the occurrence of another earthquake would create massive amounts of
damage (Wong et al., 2005).
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Figure 6.1: Map of 1886 earthquake effects near Charleston by Bollinger (1977)
There was no record of damage to the Fort Sumter due to the 1886 earthquake.
However, significant damage has been reported around Charleston area. An earthquake
similar to the one occurred in 1886 can cause significant damage to the fort. It should be
noted that both deformation and liquefaction analyses should be conducted to evaluate
the effect of an earthquake on geotechnical and structural systems. Although the
conditions around the fort are favorable for soil liquefaction, only the deformation
analysis is conducted in this study. It is recommended to conduct a comprehensive
liquefaction study to estimate the possible damage due to future earthquakes.
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Finite Element Model Creation and Analysis
Finite element model
The stress and deformation states computed at the end of the historical modeling
were considered as the initial conditions for the earthquake simulation. Earthquake
analyses were conducted on both Salient Angle and Left Face models by applying three
different earthquake time histories described in the next section.
Loading
The magnitude and frequency content of earthquakes vary with location and many
other factors. In this study, three earthquake motions were used to cover possible
variations in the amplitude and frequency content of earthquakes that may hit Charleston
area in the future. The first earthquake is the Kobe 1995 earthquake which has a
magnitude of 6.8 (Chung et al., 1996). The second motion is the El-Centro earthquake
(1940) which has a magnitude of 6.9 (Pacific Earthquake Engineering Research Center,
January 2013). The third one is a synthetic motion of the magnitude 7.3 generated by the
computer program Scenario_PC considering exact conditions in Charleston area. The
acceleration-time histories of the three earthquakes are displayed Figure 6.2.
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Figure 6.2: Acceleration time histories, a) Kobe earthquake b) El Centro
earthquake, and c) Synthetic earthquake corresponding to Charleston, SC
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Simulation Results and Discussions
Salient Angle
The computed deformed shapes from each of the three earthquakes are displayed in
Figure 6.3. It can be seen that the forts structure moves slightly in the horizontal
direction. The computed vertical settlement is also small. The results of this study were
examined according to standards for earthquake engineering design. (Krammer, 1996) It
should be noted that significant deformation may be predicted if the occurrence of
liquefaction is also incorporated in the study. It should also be noted that the effect of
liquefaction can be different from a future earthquakes because the soil beneath the fort
may have liquefied from the 1886 earthquake. The model shows the fort moving as a
cohesive unit and returning close to its original position without any noticeable structural
damage which can be attributed to the large mass and low height of the structure. Since a
simple model was used to represent the structure in this study, formation and propagation
of cracks and separation of casemate from the scarp wall could not be modeled. It is
believed that deformations caused by an earthquake shaking may cause tilting of the
scarp wall allowing it to separate itself further from the casemate structure. This could
lead to damage of the scarp wall. The magnitude of the movement computed from
different earthquakes varies slightly.
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Figure 6.3: Deformed shape of Salient Angle due to, a) Kobe earthquake, b) El
Centro earthquake, and c) Synthetic earthquake (Deformation magnification
factor=20)
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To determine how the foundation was affected by the earthquakes, a time history of
displacement at the base of the scarp wall was generated. The computed horizontal
movement-time history from each earthquake is shown in Figure 6.4. The movement of
the top of the wall was considered because it was the most vulnerable to ground shaking.
It can be seen that each event predicted a maximum displacement of less than one
millimeter. It can also be seen that the synthetic earthquake has predicted the largest
movements among the three earthquakes. This is due to the fact that the synthetic motion
has the largest peak acceleration among the three.
Another possibility of earthquake damage that was not taken to account by this model,
was the settlement caused by liquefaction. The soils beneath the foundation of Fort
Sumter have characteristics that make them susceptible to liquefaction. If liquefaction
were to occur, large amounts of settlement could occur in the foundation. Individual
bearing failures are likely to take place in the granite mole resting on the sandy soil.
Uneven settlement of this foundation may result in distresses and failures in the structural
components of the fort.
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Figure 6.4: Time history of horizontal movement at the base of Salient Angle wall
due to, a) Kobe earthquake, b) El Centro earthquake, and c) Synthetic earthquake
Left Face
The predicted deformed shape of the Left Face is displayed in Figure 6.5. This figure
shows a slight tilting of the scarp wall due the earthquake loadings. This movement is a
result of the lack of lateral reinforcement caused by the absence of the casemate structure.
This movement was not sufficient to cause permanent failure to the structure.
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Figure 6.5: Deformed shape of Left Face due to, a) Kobe earthquake, b) El Centro
earthquake, and c) Synthetic earthquake (Deformation magnification factor=30)
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To determine how the foundation performed during the earthquake events, the horizontal
movement-time history at the base of the scarp wall (shown in Figure 6.6) was examined.
The maximum movement predicted from any earthquake loading is 0.039 cm. It can be
seen that the synthetic earthquake has predicted the largest movements because its largest
amplitude. This movement is still considered to be acceptable for the stability of this
cross section. The movement at the base of the scarp wall is larger for the Left Face
cross-section than the Salient Angle because there is no lateral support from the casemate
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Figure 6.6: Time history of horizontal movement at the base of the Left Face wall
due to, a) Kobe earthquake, b) El Centro earthquake, and c) Synthetic earthquake

99

Conclusion
Analysis was performed to determine the effect of three different magnitude
earthquakes on the current condition of Fort Sumter. It was determined that each loading
has little impact on the Salient Angle. The low height of the scarp wall and the support
provided by the casemate structure was determined to be enough support for the rapid
lateral movement. This study does not take into account the crack already present in the
structure. The earthquake causes a more substantial effect on the Left Face, where the
lack of lateral support has caused the wall to tilt farther seaward. However, this
movement was not significant enough to cause alarm for the stability of the fort.
The saturated granular soil beneath the foundation has the possibility of being
susceptible to liquefaction. This analysis did not take into account the occurrence of
liquefaction from the earthquake loading. Similar soils in the Charleston area have shown
signs of liquefaction from the 1886 Earthquake. If liquefaction were to occur, large
amounts of settlement could occur beneath the foundation. Individual bearing failures
are likely to take place in the granite mole resting on the sandy soil. Uneven movement of
this foundation may result in distresses and failures in the structural components of the
fort especially in the unsupported Left Face.
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7. IMPACT OF WAVE LOADING

Introduction
The effect of ocean waves on the stability of the fort is investigated numerically and
presented in this section. In general, the waves acting on coastal structures such as Fort
Sumter can be classified as non-breaking waves, breaking waves, and broken waves.
Non-breaking waves are static, while breaking and broken waves vary in magnitude and
location with time (Cuomo, 2010). It has been determined that the effect of horizontal
water pressure caused by breaking waves is detrimental to the stability of vertical
breakwaters, including the foundations (Oumeraci, 1993). According to Oumeraci (1993)
and Deo (2009), wave breaking represents the most frequent damage source of the
disasters experienced by vertical breakwaters, by means of sliding, or shear failure of the
foundation. This section will address the modeling of breaking waves and their impact on
the stability of the foundation of Fort Sumter.
Finite Element Model Creation and Analysis
Finite element model
The finite element model created and calibrated in Chapter 5 for the Left Face was
used to investigate the effect of wave loading. The Left Face was chosen for the lack of
armor stone on the approaching shore allows this area to be more vulnerable to the
impact of the wave loading. The absence of the extra weight provided by the casemate
structure increases the susceptibility of this cross-section to failure caused by the sliding
of the foundation.
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Loading
The force exerted on the exterior wall by the impact of a wave is highly variable and
difficult to qualify accurately. Among the many methods (Rundgren, 1958) found in the
literature, Minikin’s method (Minikin, 1963) widely used by US Army Corps of
Engineers was used in this study to determine the maximum pressure. This method
estimates the magnitude of the force based on the depth of the water level at the base of
the vertical breakwater, along with the geometry of the shore leading up to the structure
(Green, 1989). Minikin’s method was deemed appropriate for the geometry of the setup
and availability of data to compute the necessary parameters. Figure 7.1 shows a
schematic of typical offshore wall and pressure distribution.

Figure 7.1: Schematic of wave forces represented by Minikin’s method (Oumeraci,
1993)
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Using Minikin’s method, the peak pressure (shock) force acting on the wall and the
overturning moment were calculated along the length of the wall for the cross-sections
considered. The peak pressure predicted by Minikin’s method and modified by the Shore
Protection Manual – Volume II (US Army Corps of Engineers1984) is as follows:
(5)
(6)
where

is the maximum dynamic pressure,

is the specific weight of water,

the breaker height,

is the depth of the toe of the wall,

front of the wall,

is the wavelength in water of depth

depth equal to

and

is

is the depth one wavelength in
,

is the wavelength in a

is the near shore slope. The values for the cross-sections

analyzed in this study are displayed in Table 7.1. As it can be shown the Left Face crosssection also sustains the highest horizontal pressure from the wave impact. The larger
horizontal force is a result of the lack of armor stone allowing the sea level approaching
the Left Face to be significantly deeper than the other areas of the fort. Since the
magnitude of the horizontal pressure generated by a breaking wave is directly
proportional to the depth of the water the Left Face experiences the largest magnitudes of
pressure along the exterior wall of the fort. This further validates the use of the Left Face
for wave impact analysis.
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Table 7.1: Summary of wave pressure calculation parameters

Left
Face
Salient
Angle
Right
Face

151.2

110.4

166.7

144.3

196.1

65.7

29.0

27.4

41.9

34.3

49.3

20.4

16.3

30.5

21.1

Pm is the wave pressure Mm is the overturning moment, Rt is the total force and Mt is the total overturning
moment
To

properly model the impact of the wave loading on the wall, the pressure generated

by the wave was varied with respect to time. Waves are highly variable and the time
distribution of wave impact is mostly unknown and unpredictable(Allsop and Muller,
1995). Assumed values for the ratio of the maximum impact pressure force over the
period of a breaking wave were used to create maximum pressure-time history for the
wave loading (Oumeraci, 2001). These are similar values suggested by Allsop et al.
(1996). Figure 7.2 shows the maximum pressure-time history for a single wave used in
this study. From the figure is can be seen that maximum impact pressure occurs at sea
level and decreases parabolically to a force of zero according to Minikin’s method as
shown in Figure 7.1.
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Figure 7.2: Time history of breaking wave horizontal pressure force (Oumeraci et
al., 1993)
Simulation Results and Discussions
A
fter the significant historical events experienced by the fort were modeled numerically till
the present condition, the dynamic wave loading was applied to the wall at high tide level
for the Left Face cross-section to estimate the effect of waves in the future performance
of the fort structure especially the exterior walls. The state of the fort at the end of the
significant historical event simulation is the initial condition for the wave impact
analysis. The dynamic loading was applied to the wall along with the constant horizontal
pressure from the weight of the water as calculated in Table 7.2. Numerical simulation
was conducted by applying only twenty cycles of waves in this study. Even though the
CPU time requirement for simulating the wave action is relatively small, modeling the
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historical events to compute the initial condition is significantly large which limited the
number of cycles. It is worth noting that simulation of geotechnical systems with
advanced material models, as in this study, is computationally demanding compared
other materials. Although the results show that the impact of wave action is insignificant,
it is suggested to conduct simulations with larger number of cycles to estimate the wave
impact realistically.
Figure 7.3 shows the computed vertical and horizontal deformation contours at the
end of the simulation. The predicted maximum movement at the tip of the wall is 0.02 cm
(seaward) which is small compared to the movements computed for other historical
events. It is believed that such a small movement may not cause any structural damage.
There was initial concern for the shifting of structural elements off the base of the granite
mole foundation. However, the sheer weight of the scarp wall structures along with the
large width of the foundation is believed to prevent this from being a problem. As shown
in Figure 7.3b, there is a slight vertical uplift occurring in the soil between the battery and
the casemate structure. This is a result of ongoing rebound from previous historical
loading.
It must be noted that scouring, one of the effects of wave action, was not considered
in this study. If significant soil loss in the seaward side occurs due to scouring, the
foundation may be destabilized. It is recommended to monitor the scour depth and profile
around the exterior wall and take appropriate action. If data on the formation of scour and
excess pore pressure development and dissipation around the wall with time is available,

106

geotechnical analysis can be performed in the future to estimate the effect wave action
including scouring.
(a)

(b)

Figure 7.3: Displacement contours of Left Face, a) Horizontal, and b) Vertical
The effect of the wave loading on the horizontal displacement at the base of the wall
was examined with respect to the other historical events that the fort has experienced.
Figures 7.4 and 7.5 show the horizontal movement-time history at the base and top of the
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scarp wall for the Left Face cross-section. It was determined that the wave loading
actually assist in stabilizing the fort by reversing previous damage from the construction
of the Battery Huger loading and causing the base of the wall to its original location.
This movement however is minimal compared to the overall movement of the structure
over its history.
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Figure 7.4: Horizontal movement at the base of Left Face wall during twenty wave
cycles
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Figure 7.5: Horizontal movement at the top of Left Face wall during twenty wave
cycles
The incremental stresses in the soil directly behind the wall were examined to further
evaluate the stability of the soil behind the wall structure. A large horizontal pressure at
the base of the wall structure is observed from the simulation results. The largest stress
was observed at the height of the impact load. There is also a spike in stress value at the
base of the soil in the armor stone on the outside of the structure that is a result of wall
movement (tilting inward).
One issue of concern in this investigation was the effect that the cyclic loading of the
wave would have on the soil directly behind the wall. This was examined through the
application of multiple wave cycles on the wall of the fort. The occurrence of the
repetitive wave impact and removal of the same load seemed to have no effect as the
bottom of the wall returned to the same location after the loading was removed. This is
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because the material directly behind the wall is granite stone and has a high modulus of
elasticity leading to negligible strains in the backfill soil by the wave loading. The
dynamic loading of cyclic ocean waves has the ability to cause small amounts of
liquefaction beneath gravity structures (Groot et al. 2006). The loose saturated sand
beneath the foundation could be susceptible to liquefaction. If liquefaction were to occur,
it could lead the granite mole of the foundation sinking into the sand layer directly
beneath it.
Conclusions
The effect of constant wave loading on the structural integrity of Fort Sumter was
examined through the use of the Finite Element software PLAXIS. It was observed that
waves caused minimum inward movement of the base of the structure and no vertical
movements of the soils underlying the foundation at what was determined to be the
critical cross-section. The lack of effect is attributed the sheer weight and width of the
structure. The casemate elements of the fort provide lateral support to resist the
overturning moment caused by the wave. Even in the Left Face where there is no
casemate structure, little damage can be seen from the impact pressure. The width of the
foundation elements in comparison to the dimensions of the structure elements also
increases the stability of the structure. Cyclic loading has little effect on the soil elements
behind the wall of the structure. It has been concluded through the use of numerical
modeling that the foundation of Fort Sumter is not significantly impacted by the presence
of a wave loading. However, possible scour due to the wave loading was not analyzed in
this study.
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8. IMPACT OF STORM SURGE LOADING

Introduction
The numerical study on the effect of a storm surge on the fort due to potential
hurricanes is presented in this section.

Hurricane Hugo made landfall northeast of

Charleston, South Carolina, near midnight on the night of September 21st, 1989 as a
Category 4 hurricane and the storm surge was estimated at over 20 feet (NOAA, 2014).
Fortunately, the eye of the hurricane passed just north of Charleston, and the storm surge
was highest in less populated areas. A storm surge of 17 feet was reported at the mouth of
the harbor near Sullivan’s Island (US Department of the Interior, February 2014).
Hurricane Hugo was the largest hurricane recorded to hit South Carolina and caused
massive damage throughout the area. Upon arrival the hurricane was sustaining 135 mile
per hour winds and was moving at a speed of 30 mph (NOAA,2014). Figure 8.1 shows
the path of the Hurricane Hugo as it moved through the south eastern United States.

Figure 8.1: Path of Hurricane Hugo in 1989 (US Department of the Interior,
February 2014)
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Finite Element Model Creation and Analysis
Geometry
As shown in Figure 8.2, any storm surge impact will approach the fort from the
Atlantic Ocean. Although the Right Flank will receive a largest amount of the force and
hydrostatic pressure from a surge event, the significant amounts of fill directly behind
this structure is believed to be enough weight and reinforcement to sustain such an event.
The Right Face cross-section previously discussed was initially chosen because it would
sustain the weight of the water from the storm surge and can be used to evaluate the
effect of force generated by a sudden rise of water level due to hurricane on the stability
of the location.

Direction of Storm
Surge
C

C
Openings
which

water will
flow
through

Figure 8.2: Layout of Fort Sumter (National Park Service, 2013)
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Loading
The main consideration in the design against a storm surge event is the height of the
design water level. According to the storm surge model developed by the National
Oceanic and Atmospheric Association (NOAA), SLOSH, the storm surge height for a
Category 3 hurricane for Fort Sumter was predicted to be 17 feet from the mean sea level
including the additional height caused by high tide. The design map for the Charleston
area created by the SLOSH model for a Category 3 event is shown in Figure 8.3.

Figure 8.3: Maximum storm surge for Category 3 hurricanes at high tide as
predicted by SLOSH (NOAA, 2014)
The largest effect of the storm surge loading is attributed to the horizontal force
caused by the lateral water pressure due to high water level. The inertial force from the
dynamic action was determined to have negligible impact on the structure as seen for the
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wave action simulation. This is mainly because the period of storm surge is much larger
than that of waves and therefore the inertial force is small for storm surges.
It should be noted that PLAXIS is not suitable for conducting coupled soil-structurefluid simulation and therefore the water level rise cannot be directly modeled in PLAXIS.
However, the effect of water level rise can be accurately considered in PLAXIS by using
different techniques commonly used in such modeling. In this study, the water level rise
was modeled by considering the water as a soil with equivalent properties. The
‘equivalent soil’ consists of the same unit weight as water but with zero shear strength
parameters.
The second important design variable in storm surge modeling is the rate of water
level rise or its period. The value varies with location and the specific huricane event.
Based on the recommendation of NOAA for the Charleston area, the water level was
raised at a constant rate of one foot every five minutes to a maximum height of 17 ft.
One of the geotechnical concerns in modeling significant water level rise, is the
development of pore water pressure in soil. A significant increase in pore water pressure
will decrease the effective strength of the soil, resulting in loss of the soil’s capacity to
carry the structral load. The rate of pore water pressure development depends on rate of
water level rise and also on the type of soil. For example, sandy soils may not develop
significant pore water pressure because of their high permeability. That is, when the
permeability is large, the pore pressure will be dissipated in the same rate as it developed.
The geotechnical model used in this study was able to capture such effect.
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Simulation Results and Discussions
The stress and deformation state at the end of historical modeling (present condition)
presented in Chapter 4 was used as the initial condition for the storm surge simulation.
The rise of water level was modeled by adding layers of ‘equivalent soil’.
The deformed shape computed after raising the water level by 17 ft numerically is
displayed in Figure 8.4. The horizontal force exerted by the rise of water level causes the
wall to tilt inwards which is an expected behavior. The force has also resulted in vertical
consolidation in the seabed layer diectly beneath the water. This may be due to the loss of
effective stress of the soil due to increase in pore water pressure caused by the rapid rise
in the water level.

C

D

Figure 8.4: Deformed shape of Right Face due to 17 ft (5.18 m) high flood
(Deformation magnification factor=15)
The computed horizontal deformation contours are displayed in Figure 8.5. The
largest deformation modeled was observed at the top of the scarp wall and at a magnitude
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of 0.9 cm landward. The model also predicted significant horizontal movment at the base
of the granite mole foundation. However, the numbers do not suggest any immediate
distresses in structural components.

Figure 8.5: Horizontal movement contour of Right Face due to 17ft flood
.
The computed movement pattern of the top of the wall is shown in Figure 8.6. The
figure shows that the top of the wall moves landward as the water level rises. The
movement began at

-1.54 cm from the computer model of the present condition of the

fort and incresased with two distinct linear trends. It is interesting to note that the model
predicts no incremental horizontal movement when the flood height is between 1 m and 2
m.
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Figure 8.6: Horizontal movement at top of Right Face wall (Point A in Figure 8.4)
with increaseing hieght of flood
The movement pattern of the base of the wall was also examined with the increase in
the flood hieght and presented in Figure 8.8. The movement of the wall began at 0.05 cm
from the previous historical modeling to compute the initial condition and contiues to
increase as the water level rises. The base of the wall deflects landward as the water level
rises at a constant linear trend.
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Figure 8.7: Horizontal movement at base of Right Face wall (Point B in Figure 8.4)
with increasing heght of flood
The response of the casemate structure was also examined for any failures. The
horizontal stresses were monitored to determine the behavior of the structural
components. The stresses could determine if further cracking was generated in the
casemate arch. The horizontal stress computed in the casemate ceiling at the top of arch is
shown in Figure 8.8. The computer model shows that the center of the arch of the
casemate structure can experience large amounts of horizontal tension stress. The stress is
generated from the increased force at the base of the scarp wall causing inward rotation
and the formation of tension stresses at the top of the structure. These tension stresses
were smaller than peak stress of material determined from testing. This indicates that the
brick should not experience failure from this loading. The horizontal stresses generated
from the storm surge loading at the bottom of the arch structure are shown in Figure 8.9.
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Large amounts of compression stresses are generated as the base of the wall is pushed
inward lateral pressure generated from the weight of the mater. After the water level rises
to approximately half of the wall height the compressive stresses begin to decrease. An
area of interest is the connection point of the casement pier and its foundational elements.
Large amounts of horizontal forces have generated high tension stress in foundation,
which could lead to movement of the pier structure.
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Figure 8.8: Horizontal stress at top of Right Face casemate arch (Point C in Figure
8.4) with increasing heght of flood
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Figure 8.9: Horizontal stress at bottom of Right Face casemate arch (Point D in
Figure 8.4) with increasing heght of flood

Conclusions
This analysis addresses the prospect of a large storm surge loading being
experienced by Fort Sumter. The fort was modeled using PLAXIS under the increasing
sea level height that can be caused by the formation of a storm surge such as one
generated by a hurricane. Storm surges can be attributed for much of the property damage
and loss of life during a hurricane. Using storm surge heights from 1889 Hurricane Hugo,
which struck Charleston, the previous constructed model of the fort experienced the
horizontal weight of the increased water height. The fort sustained little movement from
the weight of the water. Large amounts of stress were generated in the casemate arches of
the structures but were not large enough to cause failures. The fort was determined to not
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experience any damage from this force. This is consistent with reports from the 1889
event in which the fort survived with minimal damage. Due to the numerous openings,
the fort was considered to quickly fill up with water if this event occurred. The effect of
the fort flooding around the supports of the structure was not considered in the study but
should be addressed when considering such an event.
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9. CONCLUSIONS AND RECOMENDATIONS

Modeling of Historical Loadings
The numerical model created to determine the historical behavior of the fort showed
that major tilting of the wall and settlement of casemates are a direct result of the addition
of the Battery Huger in 1899. Findings demonstrate that Battery Huger is the cause of the
differential settlement of the fort’s foundation, which has been shown to be the cause of
the structural cracks in the casemate structure by Clemson research team. It was also
determined that the fort is no longer experiencing settlement but is actually rebounding
after much of the initial loading has been removed. Settlement is believed to be no longer
occurring for the amount of weight on the fort’s foundation has significantly been
reduced from its maximum loading at original construction. The model accuracy was
determined through calibration of parameters to match results with historical data.
Physical evidence from distresses and rough determinations show that the model contains
slightly smaller values than reality but contains similar trends that can be explained. This
deficiency can be attributed to the inability to model the discrete nature of the mole
foundation in this finite element software. Considering the uncertainties for the present
problem, this model was determined to be an accurate representation of the fort’s current
condition and a tool that can be used for the prediction of the effect of future events.
Recommendations
If desired, further investigation can be performed for this study. If funding is
available further soil testing can be performed to determine more accurate soil properties
for use in numerical model. Further improvement or even variation in the applied
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historical loading can be performed to increase the accuracy of the study. For further
understanding of structural behavior coupling of determined settlement is recommended
in three dimensional model.
Since large amounts of damage have occurred due to historical events and the
foundation has been disturbed, reinforcement can be provided.
Impact of Earthquake Loading
Analysis was performed to determine the effect of three different magnitude
earthquakes on the current condition of Fort Sumter. It was determined that each loading
has little impact on the Salient Angle and Left Face of the fort. The low height of the
structure and the support provided by the casemate was determined to be enough to
support the rapid lateral movement experienced during an earthquake. The earthquake
caused a more substantial effect on the Left Face, where the lack of lateral support has
led the wall to tilt farther seaward. However, this deflection was not significant enough to
jeopardize the stability of the structure. The saturated granular soil beneath the
foundation has the possibility of being susceptible to liquefaction. This analysis did not
take into account the occurrence of liquefaction from the earthquake loading. Similar
soils in the Charleston area show significant signs of liquefaction from the 1886
Earthquake and other prehistoric earthquakes. If liquefaction were to occur, large
amounts of settlement could occur beneath the foundation causing significant structural
damage. Individual bearing failures are likely to take place in the granite mole resting on
the sandy soil. Uneven movement of the foundation may result in distresses and failures
in the structural components of the fort.
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Recommendations
The fort’s structure and foundation were determined to be in a stable condition if an
earthquake occurred. However if liquefaction was to occur large amounts of damage may
happen to the fort’s structures.. Possible solutions include the drilling into and placement
of piles through both piers of the various casement structures. The piles should be
installed to depths sufficient to reach the stiff Cooper Marl deposit beneath the fort to
create extra stability. The piles will supply lateral support for the pier and scarp wall and
prevent any further tilting of the structure. Another alternative to prevent the occurrence
of liquefaction is the pumping of grout into underlying sand directly beneath the battery
which will strengthen the loose sandy material and provide a little more resistance to
prevent liquefaction form occurring. Without the occurrence of liquefaction little damage
is thought to occur to the physical structure of the fort. In order to determine if
liquefaction is liable to occur, additional detailed testing must be performed on the soils
underlying the foundation of the fort to determine appropriate parameters for further
analysis. If further interest in liquefaction is desired, a liquefaction studied should be
performed.
Impact of Wave Loading
The effect of constant wave loading on the structural integrity of Fort Sumter was
examined through the use of the Finite Element software PLAXIS. The pressures were
applied to a calibrated model representing the current conditions of the fort. It was
observed that waves caused inward deflection of less than 1 mm at the base of the
structure and no vertical deflections of the structural elements was determined. This is

124

attributed the sheer weight and width of the structure. The casemate elements of the fort
provide lateral support to resist the overturning moment caused by the wave. Even in the
left face where there is no casemate structure, little damage can be seen from the wave
force. The width of the foundation elements in comparison to the dimensions of the
structure elements also increases the stability of the structure. Cyclic loading has little
effect on the soil elements behind the wall of the structure because the presence of granite
rock has a large modulus of elasticity causing it to experience minimal amounts of strains
from the applied loading. Therefore, the material never leaves the elastic range and never
experiences any damage. It has been determined through the use of numerical modeling
that the Salient Angle and Left Face of the Fort Sumter are not significantly impacted by
the presence of a wave loading.
Recommendations
Further investigation could be performed through the modeling of many wave
cycles. The computational time for this simulation would be long and therefore better
equipment would be necessary. Scour due to the wave loading was not analyzed in this
study. It should be accounted for and steps should be taken to ensure all sections
including the Left Face have armor stone or a form of breakwater to decrease the impact
of the waves on the foundation. Any scour or erosion of material within the stone
foundation could lead to settlement towards the sea and corresponding collapse of the
foundation and the supported structure. The outside surface of fort should be monitored
for such an event. The performance of an additional Hydrographical survey in 2 years
may be recommended to determine if scour is beginning to occur.
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Impact of Storm Surge Loading
An additional analysis was performed to addresses the prospect of a large storm
surge loading being experienced by Fort Sumter during a hurricane event. The fort was
modeled using PLAXIS under the increasing sea level height that can be caused from the
formation of a storm surge such as one generated by a hurricane. When simulating a
storm surge event the model predicted that the fort sustained maximum movement of
0.0041 m from the weight of the water. The impact of the surge was not taken into
account for it would hit the section of the fort wall that is supported by fill. Large
amounts of stress were generated in the casemate arches of the structures but were not
significant enough to cause failures. The fort was determined to not experience any
damage from the weight of water generated by the surge. The fort was considered to
quickly fill up with water if this event occurred. The effect of any flooding in the fort was
not considered in the study.
Recommendations
If any overtopping of the scarp wall was to occur in such an event, large amounts of
erosion are likely to be experienced to the fill inside the fort. There aren’t any
economically viable solutions to prevent damage from the occurrence of this event. The
retaining of any loose fills or other elements would be recommended through the use of
retaining structures.
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